University of Central Florida

STARS
Electronic Theses and Dissertations
2017

A Preliminary Assessment of Steroid Reproductive Hormones in
Archaeological Human Hair Utilizing a Modified Enzyme-Linked
Immunosorbent Assay (ELISA) Technique
Elisha Tisdale
University of Central Florida

Part of the Anthropology Commons

Find similar works at: https://stars.library.ucf.edu/etd
University of Central Florida Libraries http://library.ucf.edu
This Masters Thesis (Open Access) is brought to you for free and open access by STARS. It has been accepted for
inclusion in Electronic Theses and Dissertations by an authorized administrator of STARS. For more information,
please contact STARS@ucf.edu.

STARS Citation
Tisdale, Elisha, "A Preliminary Assessment of Steroid Reproductive Hormones in Archaeological Human
Hair Utilizing a Modified Enzyme-Linked Immunosorbent Assay (ELISA) Technique" (2017). Electronic
Theses and Dissertations. 5756.
https://stars.library.ucf.edu/etd/5756

A PRELIMINARY ASSESSMENT OF STEROID REPRODUCTIVE HORMONES IN
ARCHAEOLOGICAL HUMAN HAIR UTILIZING A MODIFIED ENZYME-LINKED
IMMUNOSORBENT ASSAY (ELISA) TECHNIQUE

by

ELISHA DAWN TISDALE
B.A. University of Central Florida, 2011

A thesis submitted in partial fulfillment of the requirements
for the degree of Master of Arts
in the Department of Anthropology
in the College of Sciences
at the University of Central Florida
Orlando, Florida

Fall Term
2017

ABSTRACT
Hair has become an invaluable resource in forensic, clinical, and bioarchaeological
research. The unique interaction between the growing hair fiber, the hair follicle, and the
endocrine system inundates the growing hair fiber with an incremental record of many of the
discreet physiological processes of the body. Recently, a novel study by Webb et al. (2010)
demonstrated that endogenous records of cortisol, the “stress hormone”, are capable of being
extracted from archaeological human hair through a modified enzyme-linked immunosorbent
assay (ELISA) technique, thus providing insight into the “invisible” stress experiences of an
individual that would otherwise not be detectable through skeletal analysis. The present study
seeks to apply this novel ELISA technique to archaeological hair to determine whether
endogenous patterns of secretion are detectable for the steroid reproductive hormones estradiol
and testosterone. Here, hair from 10 individuals from the Kellis 2 cemetery in the Dakhleh Oasis,
Egypt is analyzed for endogenous concentrations of the steroid hormones cortisol, estradiol, and
testosterone. A control sample consisting of hair from 10 modern cadavers is also assessed for
each hormone to ensure method efficacy. Cortisol, estradiol, and testosterone were successfully
identified in all 10 archaeological individuals and in each of the 10 individuals in the modern
control group. Results revealed that archaeological preservation of each hormone was favorable,
and incremental patterning of each hormone seem to reflect endogenous hormone secretion in
life. Values for cortisol, estradiol in pre-menopausal females, and testosterone extracted from the
archaeological and modern control samples fall within reference values taken from
archaeological and clinical research; however, estradiol values for males and postmenopausal
females exceeded projected reference values. Explorations for variables which could contribute
ii

to discrepancies between reported and observed estradiol values are provided, along with two
case studies on female individuals from the archaeological sample. The results of this study
demonstrate that steroid reproductive hormones can be preserved in archaeological human hair,
and that these hormones can be analyzed to create additional lines of inquiry into
bioarcheological studies of ancient health and fertility.
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CHAPTER 1: INTRODUCTION
Over the past fifty years, clinical and forensic advances in hair analysis have provided
researchers with alternative methods for assessing health, chronic stress, and individual life
histories in modern populations (Monk et al., 1999; Kirschbaum et al, 2009; Gow et al., 2010;
Meyer and Novak, 2012). Bioarchaeologists have successfully applied hair analysis techniques
to archaeological populations in an effort to reconstruct ancient diet and to detect chronic stress
(Webb et al., 2010; Williams, 2013; Webb et al., 2015). The use of hair analysis in
bioarchaeology is particularly useful because hair does not remodel, and as a result it provides an
incremental and retrospective record of a variety of life experiences (Kirschbaum et al., 2009;
Gow et al., 2010; Webb et al., 2015). The complex and resilient structure of hair has been
demonstrated to be particularly resistant to decomposition, and amino acids in hair have been
recovered in samples which are several thousand years old (Bertrand, 2003; Mansilla et al.,
2010). Webb et al. (2015) explained that prior to the implementation of hair analysis in
bioarchaeological research, anthropologists typically relied on the assessment of skeletal lesions
and conditions to make inferences related to an individual’s health; however, “invisible” stress
experiences, those which are not typically observable on the skeleton, are essential for
understanding the health of an individual prior to their death. Within the past decade,
bioarchaeologists have successfully identified and quantified the glucocorticoid steroid hormone
cortisol, also known as the “stress hormone”, through an application of enzyme-linked
immunosorbent assay (ELISA) techniques to archaeological hair samples, allowing for a
retrospective analysis of stress in individuals before their death (Webb et al., 2010; Webb et al.,
2015). Although there have been many advances in hair analysis in bioarchaeological research,
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there is a great need for basic research to establish a foundation for this burgeoning field of study
(Sandford and Kissling, 1993). Presently, there are no published studies which have attempted to
identify reproductive steroid hormones in archaeological hair, though clinical researchers have
successfully identified these hormones in modern hair (Wheeler et al., 1998; Yang et al., 1998;
Pereg et al., 2013; Wehner and Schweikert, 2014).
Clinical studies have demonstrated that the dominant female reproductive hormone
estradiol has critical effects on several tissues, organs, and body systems (Rosner et al., 2013).
The dominant male steroid reproductive hormone, testosterone, is an important hormone which
is responsible for the growth and metabolism of proteins, as well as playing a role in
reproduction and the development of male sex characteristics (Dorfman and Shipley, 1956). The
identification of estradiol and testosterone in archaeological hair will lay a foundation for a more
holistic understanding of health in ancient populations which cannot be elucidated from skeletal
analysis alone. Based upon the success of Webb et al. (2010; 2015) in identifying the
glucocorticoid steroid hormone cortisol in archaeological hair via the ELISA technique, it is
plausible that the application of the ELISA technique will yield favorable results in the
identification of steroid reproductive hormones estradiol and testosterone in archaeological
populations.
Research Aims
The primary purpose of this research is to determine whether steroid reproductive
hormones, specifically estradiol and testosterone, can be identified in archaeological hair through
the application of an enzyme-linked immunoassay (ELISA) technique. The hair will also be
tested for the glucocorticoid steroid hormone, cortisol via the same technique. Hair from 10
2

archaeological individuals (male N=5; female N=5), and hair from 10 cadavers (male N=5;
female N=5) will tested for each hormone for a total number of 20 samples. Subsequent to
analysis, the following questions are presented:
1) Is it possible to identify and quantify steroid reproductive hormones, specifically
estradiol and testosterone, in archaeological hair with a modified enzyme-linked
immunosorbent assay (ELISA) technique?
2) If present, are estradiol and testosterone well-preserved, or do the hormones
appear to degrade over time?
3) If present, are hormone values in the archaeological sample similar to those
reported in clinical literature today?
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CHAPTER 2: LITERATURE REVIEW
Within the last three decades, hair analysis has become an important method of inquiry in
forensic, clinical, and archaeological research. Hair can be a significant source of information
which can be used in biomonitoring, and in the reconstruction of recent life history (Sandford
and Kissling, 1993). In order to explore hormone values in archaeological human hair, it is first
necessary to review the anatomy of hair and the physiological attributes of hair growth, as well
as the physiological properties and functions of hormones within the human body. As a result, a
background of hair anatomy and physiology will be provided, followed by a basic description of
the hormones cortisol, estradiol, and testosterone. Next, the mechanisms by which these
hormones are believed to be incorporated into human hair will be provided. Finally, a review of
the clinical and archaeological hair analysis techniques that serve as a foundation for this
research will be outlined. Together, this literature review will demonstrate why the present study
is necessary and serve as a foundation for the subsequent analysis and discussion.
Hair
Hair is a complex evolutionary development in mammals which serves a number of
important physical and social functions. In many species, hair is a vital asset for survival and
reproductive success (Valković, 1988; Paus et al., 2014). It protects the body from injury from
exposure to temperature extremes and electromagnetic radiation, and it mitigates the effects of
minor physical traumas. In humans, hair also plays an important role in social interaction and
functions as a form of adornment and communication (Stenn, 1991). Through time, humans have
evolved to have very little hair on their bodies when compared to other mammals. Charles
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Darwin postulated that hairlessness in humans resulted from evolutionary processes based on
sexual selection – though this has been debated in the literature (Valković, 1988; Freinkel, 2001).
As an integumentary tissue, hair appears to possess a simple structure; however, the
morphology and physiology of hair is complex. Hair is a two-part unit comprised of a hair shaft
and a follicle. The two units are highly interconnected, but each retains a unique anatomy
(Valković, 1988; Stenn, 1991; Harkey, 1993; Jones, 2004). The term “hair shaft” refers to the
physical fiber of the hair. Hair fibers are composed of both chemical and cellular composites.
The hair follicle is the anatomical unit which generates the hair and regulates cyclic patterns of
hair growth (Forslind and Lindberg, 2004). Although hair always consists of a shaft and a
follicle, hair shaft morphology is highly variable, and there are several classifications for hair
across mammals. Humans possess three distinct types of hair throughout life: lanugo, vellus, and
terminal (Jones, 2004; Lai-Cheong and McGrath, 2013). The first type of hair, lanugo, appears
during fetal development. This short, dark hair is of approximately 1 cm and is usually nonmedullated. Lanugo may be present on neonates, but it is shed soon after birth. The second type
of hair is vellus hair. It is short, usually less than 1 cm in length, fine, and lightly pigmented. The
final type of hair is terminal hair. This hair is thick, long, coarse, and highly variable with regard
to its appearance and development (Valković 1988; Freinkel 2001; Lai-Cheong and McGrath,
2013). Terminal hair can vary in color, morphology, and distribution. Phenotypic variation in the
appearance of terminal hair is largely influenced by the ancestry of the individual (Freinkel 2001;
Valković 1988). Terminal hair grows in different locations across the body and can be grouped
into unique morphological classifications based on form, distribution, and density. The
classifications include: 1) scalp hair; 2) eyebrow and eyelash hair; 3) beard and moustache hair;
4) body hair; 5) pubic hair; and 6) axillary hair (Valković 1988). In comparison to the other types
5

of terminal hair, the hair of the scalp is long, elastic, pliable, and particularly resilient (Forslind
and Lindberg, 2004). The human scalp contains approximately 100,000 hairs, and the average
adult has approximately 600 follicles/cm2 (Freinkel, 2004). This research will utilize scalp hair,
due to its resilience and presence in archaeological contexts. A review of hair shaft and follicle
morphology and physiology is provided next.
The Hair Shaft
The hair shaft is a thin, thread-like fiber which is comprised of three distinct layers: the
outer cuticle, the central cortex, and a variable central medulla (Figure 1) (Valković, 1988;
Harkey, 1993; Jones, 2004). The outer cuticle of the hair shaft (cuticle, in short) serves a few
primary purposes, including: securing the hair within the hair follicle, and holding the cortex
together and protecting this inner portion of the fiber from the external environment (Harkey,
1993; Jones, 2004). The cuticle layer is composed of up to 10 layers of cells that are arranged
together in a highly organized manner (Freinkel, 2001). Cuticle cells are typically keratinized,
thin, and unpigmented. Dimensions vary across mammalian species, but in human hair, cuticle
cells are generally 0.5-1.0 µm in diameter and 45 µm in length (Valković, 1988).
In regard to organization within the hair shaft, the interior surface of cuticle cells come
into direct contact with the cortex underneath. Cells on the exterior of the shaft are flattened and
are organized so that they overlap both longitudinally and circumferentially along the outer
surface of the hair fiber, creating a circumferential sheath around the hair fiber. At the most
proximal portion of the cuticle, these overlapping exterior cells interlock with cells within the
hair follicle and firmly anchor the hair shaft inside (Valković, 1988). Toward the distal end of the
hair, overlapping cuticle cells create an exposed edge or lip which points toward end of the fiber.
6

This unique organization of cuticle cells is thought to serve several functions, including aiding in
the removal of dirt and external debris, and controlling the diffusion of water between the
external environment and the internal portion of the hair (Jones, 2004).

Figure 1: A diagram of a hair fiber within a follicle. Note that the hair fiber is comprised of three distinct layers: the
inner (variable) medulla, the cortex, and the cuticle. Three proposed pathways for hormone integration include
diffusion through capillaries, or through saturation from the sebaceous and apocrine sweat glands. Adapted from
Boumba et al. (2006).
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The Hair Follicle
Each hair on the human body is generated, synthesized, and anchored within the
epidermis by a micro-organ called the hair follicle. Hair follicles are epithelial derivatives, and
are anatomically and functionally associated with the sebaceous and apocrine glands and a dense
network of arterioles, capillaries, and venules (Figure 1) (Harkey, 1993; Lindberg and Forslind,
2004). Structurally, hair follicles have been described as soft, long, narrow pockets. These
pockets are embedded within the tissues of the epidermis, approximately 3 to 4mm underneath
the outer surface of the skin (Valković, 1988; Harkey, 1993; Freinkel, 2001; Lindberg and
Forslind, 2004). The number of follicles on an individual is determined during fetal
development. At birth, an individual has approximately 5 million follicles. As the body increases
in size, the density of follicles on the body decreases. Although there is substantial variation in
the number of hair follicles in relation to their location on the body, the scalp has the highest
density of follicles of any location (Lindberg and Forslind, 2004).
Hair follicles are surrounded by an outer and an inner root sheath. The outer sheath
protects growing hair, and the inner sheath follows the shaft of the growing hair up to the
aperture of the sebaceous gland, and finally, to where the fiber emerges at the surface of the
epidermis (Freinkel, 2001; Lai-Cheong and McGrath, 2013). At the base of each pocket lies the
innermost portion of the follicle; here, a hair fiber is generated from an active population of
matrix cells. A dermal papilla projects from the center of the base. The dermal papilla is an
important site within the follicle; it is composed of connective tissue and is richly inundated with
blood vessels and sensory nerves. The dermal papilla acts as an anchor for the growing hair fiber,

8

and holds the growing hair fiber within the follicle (Valković, 1988; Harkey, 1993; Freinkel,
2001; Lindberg and Forslind, 2004; Lai-Cheong and McGrath, 2013).
The hair follicle narrows as it extends out through the skin. This portion of the follicle
has been referred to as “the channel” (Freinkel, 2001). After matrix cells generate into hair cells
within the base of the follicle, the new hair cells are soft and pliable. As cells increase and
elongate, they move along the follicle to the site of keratinization, also known as the
keratogenous zone; it is here that cells synthesize pigments (melanin) and the keratinization
process initiates. Hair fibers continue to lengthen as amino acids cross-link and extend.
Eventually the cells die and dehydrate, resulting in hardened, resilient fibers (Harkey, 1993). As
hair progresses through the growth cycle the follicle undergoes cyclical remodeling; once active
growth has ceased the base of the follicle and its network of blood vessels will regress until the
growth cycle completes and begins to generate a new hair (Valković, 1988; Harkey, 1993;
Freinkel, 2001; Lindberg and Forslind, 2004; Lai-Cheong and McGrath, 2013).
Although the structure of the hair follicle has been studied extensively, the physiology of
the hair follicle is not entirely understood (Harkey, 1993; Paus et al., 2014). Each follicle is a
hormone-sensitive mini-organ that undergoes organ-autonomous cyclical remodeling; though the
precise mechanics of this cyclic system is still unknown (Paus et al., 2014). The follicle’s growth
cycle mirrors that of the hair shaft. This cycle can be broken into several phases which will be
discussed in the next section.
Hair Growth and Cyclic Remodeling
Hair growth occurs in cyclical patterns of growth, synthesis, rest, and expulsion. During
these phases, the follicle also experiences cyclical remodeling (Harkey, 1993; Freinkel, 2001;
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Lindberg and Forslind, 2004). The four phases of a growth cycle are: 1) anagen; 2) catagen; 3)
telogen; and 4) exogen (Randall, 2004). In humans, approximately 85-95% of scalp follicles can
be expected to be in the anagen (or growing) phase, 4-14% in the catagen phase, while less than
1% are in the telogen phase (Rook, 1965).
Anagen is the phase associated with hair growth. During this phase, signals from the
body stimulate the generation (or regeneration) of a hair follicle. The follicle is formed and
descends to a specific depth; once the follicle has descended the hair bulb forms and production
of the hair fiber begins through active mitosis of matrix cells above the dermal papilla, in the
bottom of the hair follicle (Freinkel, 2001; Randall, 2004; Wilson and Gilbert, 2007). The matrix
cells are differentiated into completely keratinized cuticle, cortex, and medulla cells. These cells
are soft and nonkeratinized while they are in the matrix. Growth occurs rapidly, and as these
cells are compressed longitudinally as they are forced upward through the narrow follicle root
sheath. This is the zone of keratinization; it occurs approximately 1mm from the site of genesis
within the matrix. It takes approximately 2.5 days for a cortex cell to pass from mitosis to a fully
formed, dehydrated cell that is imbued with fibrous and amorphous proteins (Lindberg and
Forslind, 2004). Throughout anagen, the hair follicle is nourished via blood supply by capillaries.
The blood supply inundates the growing hair fiber with nourishment, as well as any incidental
substances that are circulating throughout the bloodstream. (Boumba et al. 2006).
Hair length is determined by the duration of the anagen portion of the hair growth cycle.
It has been reported (Valković, 1988; Lindberg and Forslind 2004) that scalp hair grows between
0.35 mm and 0.4 mm a day. The length of the anagen phase is variable; in young adults anagen
lasts approximately three years, however, this phase can last for anywhere between one and ten
years (Rook, 1965). This growth phase can be affected by several factors, including ancestry,
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age, sex, seasonality, nutrition, and hormones (Valković, 1988). It has been stated that
glucocorticoids can suppress anagen (Stenn and Paus, 2001).
Successive to the anagen phase is the catagen phase of the growth cycle. In catagen, cell
growth and pigmentation ceases within the follicle, and the papilla is released from the bulb. The
lower portion of the follicle then undergoes matrix remodeling, and the distal portion of the
follicle undergoes vectoral shrinkage by means of apoptosis (Stenn and Paus, 2001). During this
phase, the hair fiber is fully keratinized. This phase is short, and generally lasts between 2 – 3
weeks (Boumba et al., 2006). The physiology of the transition between anagen and catagen is not
fully understood, but in addition to normal cycling, severe stress has been identified as a
precursor to the onset of catagen in some cases (Stenn and Paus, 2001).
Telogen is the phase in which hair fibers are prepared to be shed by the scalp. In this
phase, the hair is sheathed within the follicle, but is no longer actively growing or receiving
nutrients from the body. Hair is either shed during this phase, or in a subsequent anagen phase as
the follicle is rejuvenated and a new hair is grown in its place (Williams, 2013). Exogen is the
final phase of the cycle, and it relates to the actual shedding of the hair from the follicle
(Williams, 2013).
Hormones
Hormones are complex chemical substances which mediate endocrine control throughout
the body. These molecules can trigger or regulate the activity of an organ or a group of cells
(Sloan, 1994; Thibodeau and Patton, 1996; Springer, 2002). Hormones are secreted directly into
the bloodstream via neurosecretory cells located within endocrine glands throughout the body
(Thibodeau and Patton, 1996). This secretion of hormones may be stimulated or inhibited by
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levels of hormones already present in the bloodstream (Sloan, 1993). Hormone concentrations in
the bloodstream are extremely small when compared to those of other biologically active
substances; however, hormones influence many physiological processes. Hormones circulating
through the bloodstream reach most of the cells in the body, although cells may only be affected
by a hormone if they have the specific receptor for that hormone (Sloan, 1994).
Hormones may be classified by structure or by function. Classification based on
biochemical structure for hormones consists of two primary categories: non-steroid (amino-acid
derivative) and steroid hormones (Thibodeau and Patton, 1993; Sloan 1994). This research
focuses on the steroid hormones: cortisol, estradiol and testosterone, therefore only the
characteristics of steroid hormones will be provided.
Steroid hormones are synthesized from cholesterol by endocrine cells (Thibodeau and
Patton, 1996). They include adrenocortical hormones, such as cortisol, and the reproductive
hormones estrogen, progesterone, and testosterone (Springer, 2002). Because steroid hormones
are lipids, they are not soluble in water. Instead, these hormones bind to soluble plasma proteins
and diffuse into the nucleoplasm of the target cell (Thibodeau and Patton, 1996). Once binding is
complete within the target cell, hormones initiate specific physiologic changes depending on the
target site and the action at the site. Hormones may have different effects at different target sites
(Springer, 2002).
Although all hormones are either steroid or non-steroid, hormones may further be divided
into functional classifications; for example, the steroid hormones estrogen, progesterone, and
testosterone are also known as reproductive hormones because of their roles in the synthesis of
sex-related characteristics. Cortisol, also known as the stress hormone, is classified as a
glucocorticoid.
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Cortisol
Cortisol, widely known as the “stress hormone”, has been used as a biomarker for stress
in clinical research for over fifty years (Miller et al., 2007). It is secreted by the central zone of
the adrenal cortex, and is the dominant glucocorticoid steroid hormone produced there
(Thibodeau and Patton, 1997; Webb et al., 2010). The secretion of cortisol is regulated through a
complex series of interactions between stress-sensitive receptors in the brain and neuroendocrine
neurons in the hypothalamic paraventricular nucleus (HPN). These interactions elicit the
hypothalamo-pituitary-adrenocortical (HPA) axis to stimulate the adrenal cortex, which
ultimately secretes glucocorticoids, predominantly cortisol, into the bloodstream in active and
inactive (protein-bound and free) forms (Herman and Cullinan, 1997; Gow et al., 2010). Cortisol
synthesis within the body is regulated through the hypothalamus and pituitary gland through a
negative-feedback mechanism. When free cortisol reaches its destination, it diffuses through the
cell membrane and binds to receptors for cytoplasmic glucocorticoids. This complex migrates to
the nucleus of the cell, where it affects the rendering of target genes (Gow et al., 2010). It is
hypothesized that free cortisol, not bound cortisol, is incorporated into hair and saliva
(Davenport et al., 2006).
The systems of the body are highly sensitive to fluctuations in cortisol. During a stress
response, glucocorticoids affect multiple functions and responses within the body. For example,
glucocorticoids play a role in the body’s immune and inflammation responses. In addition, they
can play a role with the body’s fluid volume and hemorrhages. They also have effects on
metabolism, reproductive physiology, and cardiovascular function (Sapolskey et al., 2000).
Though acute responses to stressors are considered to be adaptive and are necessary for everyday
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functioning, chronic stress can affect the health and well-being of an individual and can lead to
significant functional impairment and increased susceptibility to affective disorders and systemic
diseases (Larsen, 1997; Herman and Cullinan, 1997; Adam and Kumari, 2009).
Estradiol
Estradiol is an estrogen. Estrogens are a family of steroid hormones which have
traditionally been classified as reproductive or sex hormones because of their function in the
development and maturation of secondary sexual characteristics in the female reproductive
system (Thompson and Watson, 2012; Rosner et al. 2013). The primary sources of estrogens in
the body are the ovaries, and during pregnancy, the placenta; however, small amounts are also
excreted by the male testes and the adrenal glands.
The primary role of estrogens is to influence the structural differences between males and
females, including differences in skeletal morphology and adipose tissue distribution throughout
the body. Estrogens are responsible for the growth and development of parts of the female
reproductive system, such as the vagina, the fallopian tubes, the endometrium, and the cervix
(Green, 2017). Estrogens also play a prominent role in hair growth and the development of
sexually dimorphic hair (Wehner and Schweikert, 2014).
There are three predominant estrogens: estrone, estradiol, and estriol. Estradiol is the
most potent of the three (Blackburn, 2007). According to the Mayo Medical Laboratories (2017),
estradiol, like other estrogens, is primarily produced in the ovaries and testes; however, minute
amounts are also generated in the adrenal glands and in peripheral tissues, such as fat. In
premenopausal females, estradiol values are higher than in postmenopausal females and males.
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Estradiol levels fluctuate during the menstrual cycle; levels are highest just before ovulation and
are lowest during the early follicular phase.
Although estradiol is predominantly a female reproductive hormone, it has important
functions in the male reproductive system. In particular, estradiol is essential for modulating
libido, erectile function, and the generation of sperm. Males possess estrogen receptors in the
brain, penis, and testes. Conversion of testosterone to estrogen also occurs in these organs
(Schulster et al., 2016)
In clinical studies, estrogens, particularly estradiol, have proven to have critical effects on
several tissues, organs, and systems of the body that reach far beyond their traditionally
established roles in reproductive development. For example, estradiol has been observed to affect
skin, adipose tissue, blood vessels, muscles, bone, the gastrointestinal tract, the brain, the lungs,
and the pancreas. Changes in serum levels of estradiol have been linked to coronary artery
disease, stroke, and breast cancer (Rosner et al., 2013). Estradiol has also been demonstrated
(Bredemann and McMahon, 2014) to influence neurocognitive function in animals, and it may
be a potential factor in the onset of major depressive disorder. According to Rosner et al. (2013),
it is of critical importance that estradiol be evaluated and understood in clinical and
epidemiological research. Given the growing importance of understanding estradiol in modern
populations, it is clear to see that bioarchaeologists would benefit from having methodologies for
identifying and quantifying estradiol in archaeological populations; to date no archaeological
studies have attempted to evaluate estradiol in hair or other preserved body tissues.
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Testosterone
Androgens are responsible for the growth and maturation of the male reproductive
system. The principal and most active androgen within the body is testosterone. The primary
function of testosterone is the regulation of the growth and regulation of male sex characteristics
and sperm production (Thibodeau and Patton, 1996). Testosterone also plays an important role in
the functions of tissues, such as bone and muscle, and in the immune system. Testosterone is
produced within the testes and secreted at a rate of approximately 6-7 mg per day (García, 2015);
but it is also produced in the adrenal cortex (Winters and Clark, 2003).
Early inquiries into the existence and functions of androgens formed the foundation of
the field of endocrinology. According to Dorfman and Shipley (1956), Aristotle produced the
first scientific research which examined the relationship between the testes and the sexual
characteristics and reproductive abilities of an individual, though the mechanisms of the
relationship were not understood until the mid-nineteenth and early twentieth centuries when
“chemical messengers” were first identified within the body and subsequently named
“hormones” in 1905. The term “endocrinology” was coined shortly thereafter in 1909.
Though androgens are largely recognized for their role within the male reproductive
system, these hormones also affect functions within the body, such as development and the
metabolism of proteins (Dorfman and Shipley, 1956). Because testosterone stimulates the
building of proteins in muscle and bone, it is known as an anabolic steroid hormone (Tibodeau
and Patton, 1996).
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Hair Analysis: Hair as a Retrospective Biomarker
Hair analysis first garnished widespread attention in response to forensic and clinical
studies of drug exposure and abuse in the latter portion of the twenty-first century. In early
investigations of drug abuse, the primary modes of analysis were urine and blood. While these
tests often yielded effective results, they only reflected short-term drug use, as traces of the drugs
were eliminated from the system within a timespan of a few hours to a few days (Boumba et al.,
2006; Gow et al., 2010). Throughout the 1970s, toxicologists and nutritionists began to explore
using hair in analyses as an alternative to traditional biofluids, and researchers discovered that
hair offered a detection window of three days to several years (Boumba et al., 2006). Within
thirty years hair was accepted as fundamental biological specimen for drug testing (Nakahara,
1999). By 1999, over 100 pharmaceuticals, drugs, and doping agents were identifiable in human
hair (Gaillard and Pépin, 1999).
As hair gained popularity in forensic and clinical studies, researchers learned that the hair
growth process is unique in that it offers an incremental, chronological representation of an
individual’s health and recent life history (Wilson and Gilbert, 2007; Kirschbaum et al. 2008).
As individual hair fibers grow, they are inundated with nutrients and chemical substances which
are present in blood, sebum, and sweat. These compounds are integrated into the keratin proteins
of the growing hair fibers. Once these proteins are fully established, the hair tissue becomes
inactive, which creates a retrospective record of the endogenous and exogenous compounds the
hair was exposed to during its growth (Boumba et al., 2006; Gow et al., 2010; Williams et al.,
2011). Because human scalp hair in the anagen growth phase grows approximately 1 cm per
month, researchers can separate anagen phase hair fiber into segments and perform a
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retrospective analysis of the fiber to gain insight into an individual’s physiology at a particular
point in time (Williams et al., 2011).
The following sections will discuss the mechanisms by which hormones are thought to
enter the hair fiber, and a review of the present body of knowledge on the identification of
cortisol, estradiol, and testosterone is presented.
The Integration of Hormones into Hair
According to Webb et al. (2010), the specific processes by which hormones are
incorporated into a hair fiber are unknown, however, it is suspected that they are integrated by
blood, sweat, skin, sebum, or from the external environment (Figure 1). Most of the research that
has been performed which studies the incorporations of compounds and materials into the hair
fiber has been done by forensic researchers who are interested in assessing the integration of
drugs and other exogenous compounds into hair (Cone, 1996; Boumba et al, 2006). According to
Boumba et al. (2006), passive transfer via blood is a generally accepted model for substance
incorporation in hair. In this model, substances move out of bloodstream into developing matrix
cells through passive diffusion at the base of the hair follicle. These substances are embedded in
the interior portion of the hair fiber during keratinization. Once these hair cells die, the molecules
remain embedded in the mature hair fiber.
In addition to incorporation by passive diffusion via the bloodstream, Raul et al. (2004)
provided evidence that glucocorticoids such as cortisol and cortisone may also be integrated into
the hair fiber through active or passive diffusion into the follicle through sweat. Sweat, which is
composed of water, salts, amino acids, urea, pyruvate, and lactate, is produced by eccrine sweat
glands. These glands are found in almost every region of the body, in the dermal layer of the
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skin. Sweat gland ducts exit near the exit of hair follicles, but retain their own coiled tubule
within the dermis (Harkey, 1993).
It has also been suggested that hormones could be diffused onto developing hairs by
sebum, which is produced by the sebaceous glands. Sebum is a waxy substance generally
composed of both free and combined fatty acids, and squalene, cholesterol, and waxes.
Sebaceous glands are found in every region of the body, with the exception of the soles of the
feet and the palms of the hands. Glands are located in the dermis and their ducts deposit sebum
into hair follicles and onto developing hair fibers. Sebum is produced regularly throughout the
day and is responsible for giving unwashed hair an oily appearance (Harkey, 1993).
Cortisol in Hair
Corticosteroids were first identified in hair by Cirimele et al. (2000). The researchers
developed a novel screening procedure utilizing high-performance liquid chromatographyionspray mass spectrometry (HPLC-IS-MS) to identify retrospective records of exogenous
corticosteroid depositions in order to investigate drug abuse, such as doping, in athletics. Cortisol
was among the corticoids that were identified in their novel study. Recognizing the significance
of using hair as a bioresource, clinical researchers have built on the success of Cirimele et al.
(2000) to develop methods for identifying and measuring endogenous (biogenic) concentrations
of glucocorticoids in hair, especially cortisol, for biophysiological research. In 2004, Raul and
colleagues published the first paper that focused on identifying endogenous cortisol in hair, also
utilizing HPLC-IS-MS.
Davenport et al. (2006) completed an important study that sought to validate
methodologies for sample preparation and cortisol extraction. The team utilized a commercial
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enzyme immunoassay (EIA) kit developed for salivary cortisol quantification to assess cortisol
values in the hair of rhesus macaques. The authors measured cortisol values in the saliva of the
macaques and compared the results from the hair analysis to these values. The two values were
significantly correlated; this strong correlation indicated that pituitary-adrenocortical activity
affects cortisol integration in hair in a similar manner as it does for serum and saliva. Results
indicated that values in proximal and distal ends of hair fibers were correlated, suggesting that
cortisol is not highly susceptible to degradation or leaching over time.
Estradiol in hair
Clinical researchers have been evaluating estradiol since as early as the 1930s, and over
the past century several methods have been employed to measure concentrations of estradiol in
serum, plasma, urine, and saliva, including: bioassay, mass spectrometry (MS), UV absorbance,
and immunoassay (Roser et al., 2013). In human hair, estradiol was first identified by Yang et al.
(1998). The researchers utilized radioimmunoassay (RIA) techniques and determined that
estradiol levels in hair are 41.2% of those in serum, and that hair washing does not affect this
correlation.
The quantification of estradiol in biological fluids have yielded some complications.
Rosner et al. (2013) explained that existing methodologies for estradiol analyses are often not
sensitive enough to detect low levels (particularly in the range of 2-20 pg/mL) of estradiol which
may be present in men, children, and in menopausal women. The authors suggested that
developments in mass spectrometry have proven to be more sensitive than immunoassay-based
methods in the past; however, the authors stressed that the development of superior
immunoassay methods is possible and necessary to mitigate increasing research costs.
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Bioresearch companies have responded by developing commercial immunoassay kits that can
detect estradiol in saliva in quantities as low as .10 pg/mL, with salivary levels of estradiol
correlating at 0.80 with levels reported in serum (Salimetrics, 2017). Because the reported
concentrations of estradiol in human hair correlated with serum at a level of 0.412 (Yang et al.,
1998), it should be possible to detect minute amounts of estradiol in hair with a modified
Enzyme-Linked Immunosorbent Assay (ELISA) technique. It is not evident whether
archaeological hair will yield quantifiable levels of estradiol, as no previous studies have
attempted to evaluate estradiol in preserved hair, but theoretically, estradiol should be detectable
in the archaeological hair samples which come from female individuals.
Testosterone in Hair
Although testosterone has been studied extensively in serum, plasma, and urine, the first
studies to successfully identify and measure testosterone in human hair occurred in 1998
(Wheeler et al., 1998; Yang et al., 1998). Wheeler et al. (1998) assessed hair testosterone
through radioimmunoassay (RIA) and gas chromatography-mass spectrometry (GC-MS). The
team determined that hair testosterone values were higher in males than in females and children.
The difference was significant enough that there was no overlap between sample groups. Yang et
al. (1998) similarly utilized a RIA method and reported a value of 5.88 ng/g in the hair from a
sample of 25 males. Yang et al. (1998) compared hair testosterone to serum testosterone values
within the sample and determined that the ratio between hair testosterone and serum testosterone
was determined to be 116%.
Since these early, foundational studies, hair testosterone has predominantly been
evaluated through liquid chromatography tandem mass spectrometry (LC-MS/MS) (Deshmukh
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et al., 2012; Dettenborn et al., 2013; Dettenborn et al., 2016), as well as RIA (Mornay et al.,
2012); however, an ELISA test which was calibrated for the quantification of salivary hormones
has also been applied to hair with success (Pereg et al., 2013).
Studies of hair testosterone have been varied, and have included both psycholocial
(Dettenborn et al., 2013; Dettenborn et al., 2016) and medical research (Pereg et al., 2013). In
psychological studies, long-term testosterone secretion was significantly associated with
visuospatial memory in middle-aged males (Dettenborn et al., 2013). Additionally, elevated
testosterone values were identified in the hair of women who suffer from borderline personality
disorder (Dettenborn et al., 2016). In medical research, hair testosterone was evaluated in
hospitalized and non-hospitalized chronic heart failure patients, both independently and in
association with hair cortisol levels (Pereg et al., 2013). The authors determined that there was
no disparity between testosterone values between non-hospitalized and hospitalized patients.
The authors determined that there was no significant difference in testosterone values
between the hospitalized and non-hospitalized patients, but the authors did suggest that hair
cortisol to testosterone ratio (C/T) has potential to be an effective mode for identifying patients
who have a heightened risk for heart failure. Although clinical studies have had success, no
bioarchaeological studies have attempted to identify testosterone in hair.
Hair Cortisol: A Biomarker for Stress in Archaeological Studies
The first research project which attempted to identify hormones in archaeological hair
was completed in 2010 by Webb et al. This novel study sought to examine biogenic patterns of
cortisol production in order to establish an additional line of inquiry for assessing stress in
ancient populations. In this study, “stress” was defined as, “physiological disruption caused by
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real or subjective threats, which perturb an individual’s physical or psychological state and may
be caused by single or combined physical, physiological, and psychosocial conditions or
stressors” (Webb et al., 2010, pg. 807). The authors adapted an ELISA technique, created for the
quantification of cortisol levels in saliva, to process hair samples originating from 10 naturally
mummified adult individuals from archaeological sites in Peru. The method was successful, and
the authors concluded that biogenic patterns of cortisol production, and subsequently, individual
stress experiences, were observable for each individual within the sample.
A later study by Webb et al. (2015) successfully applied the same modified ELISA
technique to assess cortisol values in a sample of archaeological juveniles originating from the
site of Cahuachi, as well as from locations near Huaca del Loro in the Nasca Region of Peru. The
authors compared the resulting cortisol values with isotopic data to explore patterns of dietary
shifting and the possible effects that the socioeconomic status of the individuals could have had
on diet and stress throughout the area. In their conclusion, the authors stressed the importance of
utilizing biomolecular methods of examination when assessing mummified remains to help
reconstruct ancient individual life histories.
Presently, the work of Webb et al. (2010) and Webb et al. (2015) are the only projects
which have identified and analyzed hormone concentrations in archaeological human hair.
Although these foundational studies focused on evaluating hair cortisol, it is plausible to
hypothesize that estradiol and testosterone will also be present in archaeological hair due to the
similarities of the physiologies of the hormones in question and the success of clinical studies in
identifying these hormones in modern hair.
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Hair Diagenesis and the Preservation of Endogenous Steroid Hormones
The primary aim of this research is to determine whether endogenous concentrations of
estradiol and testosterone can be detected and measured in archaeological hair. If well preserved,
changes in systemic hormone levels could provide an additional line of inquiry into
understanding an individual’s biological status during the months preceding death (Webb et al.,
2010). This section will outline factors that affect hair and hormone preservation in
archaeological contexts, and will review current methodologies for assessing hormone
preservation in hair.
Hair Diagenesis
Bioarchaeologists have been successful in recovering hair from diverse archaeological
environments; however, hair is not always preserved. Wilson et al. (2001) explain that the
preservation of hair is largely contingent upon the interaction of the hair tissue with the
depositional environment. Environments which are favorable for hair preservation include
deserts, frozen landscapes, and bogs. Dry, arid environments can lead to natural mummification,
and excellent preservation of hair fibers (Bertrand et al., 2003). Studies of diagenetic effects on
the structure of hair fibers have determined that gross hair structure can survive for thousands of
years without significant decomposition (Bertrand et al., 2003; Mansilla et al., 2011).
The resiliency and durability of hair is largely attributed to α-keratins – the structural
proteins that make up 85-93% of the hair fiber (Wennig, 2000; Wang et al., 2016). According to
Wang et al. (2016), keratins are tough, and one of the most durable biomaterials in existence.
These proteins are insoluble, and in life, are largely unreactive to the natural environment. These
keratins are dispersed throughout the hair fiber in intermediate filaments and are embedded
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within an inter-filamentous material composed of proteins. The structural organization of these
intermediate filaments, which are arranged in an intricate paracrystalline pattern, afford hair a
protective barrier against mechanical, physical, and chemical damage (Bertrand et al., 2003).
While hair fibers can be remarkably preserved in archaeological contexts, they are
susceptible to contamination and diagenetic changes such as structural degradation, chemical
breakdown of hair proteins, and leaching, even if the hair fibers appear to be intact (Wilson et al.,
2001; Webb et al., 2010; Mansilla et al., 2011). In studies of the composition of mummy hair,
bioarchaeologists discovered that hair keratins were often well preserved, but also observed
some polypeptide bond breakage and disorganization of keratins throughout the fibers (Bertrand
et al., 2003; Mansilla et al., 2011). Additionally, the epicuticle, a lipid and protein cell-membrane
layer on the exterior portion of the cuticle, has been determined to be susceptible to degradation
which could lead to the hair becoming hydrophilic (Mansilla et al., 2011). Although hair keratins
are not water soluble, saturation in water can cause flexibility in the keratin structure, making the
hair fiber permeable and leaving the inner cortex susceptible to inundation, and in turn, leaching.
In contrast, in extremely dry environments hair fibers were found to be prone to desiccation; in
some cases, extreme desiccation can lead to severely shrunken, brittle fibers (Wilson et al.,
2001).
In addition to diagenetic changes in structure, Wilson et al. (2010) and Mansilla et al.
(2011) both determined that ancient hair fibers are prone to microbial attack after internment.
These attacks can result in and degradation within the cortex, which can lead to warping and
collapse of the hair fiber. However, it has been noted that degradation can occur in the cortex
without disrupting the gross morphology of the cuticle. Keratinous filaments appear to be more
susceptible to microbial attack than melanin granules (Wilson et al. 2010).
25

The Preservation of Endogenous Steroid Hormones in Hair
Several studies have attempted to assess the extent that endogenous hormones are
preserved in hair. Clinical research indicates that hair can provide a useful temporal record of
cortisol production for a period of six months (approximately 6 cm of recent hair growth), but
after six months cortisol values tend to significantly decline (Kirschbaum et al., 2009). Clinical
studies first hypothesized that hair cortisol may be lost either through leaching or degradation
over time; however, degradation does not seem likely as cortisol was successfully identified in
archaeological hair samples which date to 500-1000 CE (Davenport et al., 2006; Webb et al.,
2010; 2015). Leaching, however, appears to be an appropriate model for hormone loss in hair.
Webb et al. (2010) explain that although steroid hormones are not water soluble, they can be lost
when hair fibers are repeatedly saturated with water. This is likely due to the viscoelastic
properties of hair and the expansion of hair keratins when they are submerged (von Holstein et
al., 2014). Routine physical damage from heat and processing also leads to damage in the cuticle,
which can leave the cortex susceptible to inundation and the subsequent leaching of hormones.
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CHAPTER 3: MATERIALS AND METHODS
Materials
Two samples are compared for the present study. A modern sample, consisting of 10
individuals, is used as a control to ensure that the ELISA is functioning properly. An
archaeological sample, also consisting of 10 individuals, is used to examine whether estradiol
and testosterone can be identified in archaeological human hair. Cortisol is also evaluated,
though it has previously been proven that cortisol can be preserved in archaeological human hair
(Webb et al., 2010; 2015). Sample demographics for the modern and archaeological sample and
information regarding the archaeological site from which the archaeological sample originates
will be provided in separate subsections below.
Modern Sample
The modern sample in this research consists of hair from 10 cadavers (Males N=5;
Females N=5) originating from the University of Central Florida (UCF) College of Medicine’s
Willed Body Program, a program regulated by the Anatomical Board of the State of Florida.
This program allows individuals to donate their bodies for medical research (UCF College of
Medicine). Hair samples were collected under the supervision of Dr. Andrew Payer. Individuals
in the sample ranged in age between 55 and 99 years (Table 1). For this research, it was assumed
that the females in this sample are postmenopausal, as 51 years is the average age that women
reach menopause in the United States (Mayo Clinic, 2017).
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Table 1: Sample demographics for the modern cadaver sample.

ID
C381
C386
C388
C392
C396
C389
C391
C403
C404
C407

Modern Sample
Age
Sex
91
Male
99
Male
90
Male
69
Male
75
Male
83
Female
86
Female
97
Female
66
Female
55
Female
Kellis 2 Cemetery

Archaeological hair samples used in this study originate from the Kellis 2 cemetery, an
archaeological site located in the Dakhleh Oasis, Egypt. Hair samples were collected for research
by Dr. Lana Williams through the Dakhleh Oasis Project in Egypt. The Dakhleh Oasis Project
(DOP) is an international multidisciplinary project, first established in 1978 by A.J. Mills
through the Ontario Royal Museum. According to Dupras and Schwarcz (2001), a primary goal
of the DOP is to study human biocultural adaptation to the Saharan ecozone.
The Dakhleh Oasis is located about 660 km southwest of the modern city of Cairo and
270 km from the Nile Valley (Cook, 1994) (Figure 2). The climate of the region is described as
arid and having relatively low humidity (Dupras and Schwarcz, 2001). The region presently
receives approximately 0.7 mm of rainfall annually, and the humidity generally remains below
50% (Schwarcz et al., 2000). According to Schwarcz et al. (2000), investigations into the
compositions of the early settlements in the Oasis suggest that climatic conditions were similar in
antiquity.
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The Kellis 2 cemetery is associated with the ancient town of Kellis, which is also called
Ismant el-Kharab. The cemetery was first excavated in 1992. Radiocarbon dates and results from
archaeological investigations at the cemetery have established that the site is an early Christian
Period cemetery dating to c. AD 50-450. The cemetery utilized during a period of Roman rule in
Egypt (Williams, 2011). According to Dupras and Schwarcz (2001), the arid environment of the
site has afforded remarkable preservation of organic materials, such as soft tissues in human
remains.

Figure 2: Google Earth Map of Egypt and the ancient settlement of Kellis (pin). The box represents the approximate
borders of the Dakhleh Oasis.

Archaeological Sample
The archaeological sample consists of hair from 10 adult individuals (males N=5, females
N=5) originating from the Kellis 2 cemetery. These individuals were naturally mummified
(Williams et al., 2011). Preliminary osteological analyses for sex and age were conducted by
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bioarchaeologists through the Dakhleh Oasis Project. Sex was determined for each individual
through comprehensive osteological analyses of cranial and pelvic features. Ages for each
individual were calculated as a mean age from osteological analyses of epiphyseal fusion, cranial
suture obliteration, and degenerative changes to the pubic symphysis and the rest of the skeleton
(L. Williams, personal communication). Mean ages within the sample range from 19 years to 60
years (Table 2).
Table 2: Population Demographics for the Archaeological Sample

ID
K143
K222
K393
K402
K512
K131
K275
K280
K318
K459

Archaeological Sample
Age*
Sex
19
Male
29
Male
45
Male
29
Male
22
Male
23
Female
55
Female
60
Female
27
Female
35
Female

*ages calculated as a mean age from skeletal markers

Methods
In this section, an overview of the mechanics and specificities of ELISA will be provided,
followed by information regarding the DiaMetra ELISA specificity and sensitivity for salivary
cortisol, salivary testosterone, and salivary estradiol kits used for this research. Next, a step-bystep explanation of sample preparation prior to analysis is provided, followed by the laboratory
procedures used for applying the salivary ELISA kits to the analysis of hair. Finally, a review of
the statistical methods for this research will be discussed.
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Enzyme-Linked Immunosorbent Assay (ELISA)
Immunoassays are a commonly used methodology in clinical life-science research
because of their effectiveness, affordability, and accessibility (Davies, 2013). Presently, they are
one of the most common analytical techniques used in life-science research (Davies, 2013; He,
2013; Wild, 2013). Immunoassays use antibodies to generate and capture a signal from target
analytes in a sample. Antibodies bind to a number of analytes, including man-made and natural
chemicals, biomolecules, cells, and viruses. The bond between the antibody and is target analyte
are highly specific and exceptionally strong (Wild et al., 2013). ELISAs are typically utilized for
the analysis of bodily fluids, such as serum and saliva; however, clinical researchers and
bioarchaeologists have achieved success in adapting commercially available salivary ELISA kits
to accurately assess hormone levels in hair (Webb et al., 2010; Pereg et al., 2013; Feller et al.,
2014; Webb et al., 2015). Similar to saliva, hair is hypothesized to contain unbound, or
biologically available, steroid hormones (Davenport et al., 2006). For this reason, ELISA kits
built for identifying hormones in saliva are a tested, and acceptable, method to apply in this type
of study.
ELISA Sensitivity and Specificity
Commercially prepared enzyme-linked immunosorbent assay kits produced by DiaMetra
(Italy) developed for the quantification of salivary cortisol, estradiol, and testosterone,
respectively, were used in the current study. Assay sensitivity and specificity for each kit will be
presented in separate subsections below.
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Cortisol
Sensitivity for the Diametra Cortisol Saliva ELISA kit is 0.12 ng/mL at the 95%
confidence limit with an analytical range of .5-100 ng/mL. Cross-reactivity for the antibody
within the kit is listed as: cortisol 100%, prednisolone 46.2%, 11-deoxycortisol 4%, cortisone
3.69%, prednisone 3.10%, 11αOH progesterone 1%. The lower limit for the detection of cortisol
in the kit is 0.12 ng/mL.
Estradiol
Sensitivity for the DiaMetra Estradiol Saliva ELISA kit is 0.5 pg/mL at the 95%
confidence limit with an analytical range of 1-100 pg/mL. The cross reactivity for the antibody
within the kit is listed as: estradiol 100%, estrone 2.0%, estriol 0.39%, testosterone 0.02%,
cortisol < 7x10-3 %, progesterone <3 x 10-4 %, Dhea-s < 1x10-4% The lower limit for detection
for estradiol in the kit is 0.5 pg/mL.
Testosterone
Sensitivity for the DiaMetra Testosterone Saliva ELISA is 3.28 pg/mL at the 95%
confidence limit with an analytical range of 10-1000 mL. Cross-reactivity is as follows:
testosterone 100%, dihydrotestosterone 2.03%, androstenedione 0.01%, androsterone 0.05%,
Dhea-s 0.00%, cortisol 0.01%, cortisone 0.00%, 17b estradiol 0.16%, estrone 0.01%, and
prednisone 0.00%. The lower limit for detection for testosterone is 3.98 pg/mL.
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Quantification of Steroid Hormones
Processed samples were analyzed by a BioTek microplate reader, shared equipment
provided by the University of Central Florida Nano Science Technology Center.
Sample Preparation
Samples were prepared in the Laboratory for Bioarchaeological Sciences at the
University of Central Florida. Prior to analysis, hair samples were examined microscopically to
analyze structural preservation and growth phase. Only anagen phase hairs were included in the
analysis to reduce growth rate error and to ensure accurate and consistent hormone values within
each sample (Williams et al. 2011). Hair samples were then rinsed with distilled Micropere water
under sonication for five minutes to remove surface contaminants and exogenous biological
materials such as sebum, sweat, or decomposition fluids (Williams et al., 2011).
Hairs were separated and arranged according to methods presented by Webb et al.
(2010). After samples were assessed and washed, strands were carefully bundled to ensure that
hair fiber orientation and alignment was maintained for each strand of hair. For this study, hair
lengths varied between 3 to 10 centimeters, which resulted in temporal records that ranged
between three and ten months.
Hair was processed according to methods for analyzing cortisol in hair via commercially
available salivary ELISA kits first proposed by Van Uum et al. (2008), and validated for efficacy
in archaeological populations by Webb et al. (2010; 2015). To date, no studies have attempted to
evaluate estradiol or testosterone levels in archaeological hair. However, because estradiol and
testosterone are steroid hormones and structurally similar to cortisol, methodologies proposed by
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Van Uum et al. (2008) and Webb et al. (2010; 2015) for identifying cortisol in archaeological
hair are adopted for the examination of both estradiol and testosterone in the present study.
At least 10 mg of hair is necessary for each ELISA; as a result, choice of sample length
depended on the overall quantity of hair available for each individual. Within each sample, hair
bundles from each individual were sectioned into 1cm segments weighing >10mg and
subsequently placed into glass vials. Hairs were finely minced within the vials with a pair of
surgical scissors. Next, 1 mL of methanol (>98%) was added to the vial to extract the hormone
from the hair. Vials were sealed and incubated for 16 hours, heated to 50°C and shaking at 100
rpm. After the incubation period, methanol was extracted from the vials and transferred to test
tubes. Methanol was then heated to 40°C and evaporated under a nitrogen stream. The resulting
residue within the test tubes was then reconstituted in 250 µl of phosphate-buffered saline (PBS)
at pH 8.0. This PBS mixture was analyzed using a commercially available salivary enzyme
immunoassay kits manufactured by DiaMetra for the detection of salivary cortisol, estradiol, and
testosterone, respectively. ELISA directions provided by the manufacturer were followed for
each kit, and will be briefly reviewed in the sections below.
ELISA Kit Preparation and Test Specifics: Cortisol
Sample preparation and test procedures were outlined in the directions for the Cortisol
Saliva ELISA by DiaMetra. Prior to analysis, ELISA kit calibrators were prepared by leaving on
a rotating mixer for five minutes. Next, a wash solution was prepared. The 10x Conc. Wash
Solution, included within the kit, was diluted with distilled water to a final volume of 500 mL. If
crystals were present, the solution was stirred at room temperature until dissolved. Next, a
diluted conjugate, also provided within the kit, was prepared. The conjugate is stable for 3 hours
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at room temperature (22-28 degrees C). To prepare the conjugate, 10µL of conjugate (ELISA kit
reagent 3) were added to 1 mL of incubation buffer (ELISA kit reagent 2). The reagents were
mixed gently and allowed to reach room temperature. The reagents were then ready for
distribution and testing in the plastic micro well tray provided in the kit.
The DiaMetra ELISA kit includes six calibrators: C0, C1, C2, C3, C4, C5, and C6. With a
fresh pipette for each well, two wells were filled with 25µL of each calibrator. Next, using a
fresh pipette for each well, two wells were filled with 25µL of the prepared reconstituted PBS
mixture for each segment of each hair sample. One well was left empty (blank) for control
purposes. Next, using a fresh pipette for each well, 200µL of diluted conjugate was added to
each calibrator and each sample well. The tray was then incubated at +37 degrees C for 1 hour.
After incubation, contents of each well were removed and discarded, again, using a fresh
pipette for each well. Wells were then washed 3x with 300µL of diluted wash solution. During
each washing, plates were gently shaken for five seconds before wash solution is discarded. To
remove excess solution, plates were inverted over an absorbent paper towel and tapped gently.
Next, 100µL of TMB substrate was added to each well. Trays were left in a dark room to
incubate for 15 minutes. After 15 minutes, 100µL of stop solution was added to each well. The
plate was then gently shaken and the absorbance (E) was read by the BioTek microplate reader at
450 nm against a reference wavelength of 620-630 nm.
ELISA Kit Preparation and Test Specifics: Estradiol
Procedures for the preparation and analysis of samples within the Estradiol Saliva ELISA
are similar to the preparation directions provided for cortisol, with some differences. Procedures
for the preparation and analysis of samples within the Testosterone Saliva ELISA are similar to
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those described above for cortisol (DiaMetra, Cortisol Saliva ELISA Kit Instructions), however,
there are some differences. Similar to the preparation of the Cortisol Saliva ELISA kit,
calibrators were mixed for five minutes on a rotating mixer prior to use; however, there are only
four calibrators (C0, C1, C2, C3, and C4) included in the estradiol kit. Next, a buffered wash
solution was prepared by diluting buffered wash solution concentrate (50x) with distilled water
to a volume of 1000mL. Next, 10µL of diluted conjugate (reagent 3) was added to 1.0 mL of
incubation buffer (reagent 2) and was mixed gently. The reagents were then ready for analysis in
the plastic micro tray.
The reagents were then ready for distribution and testing in the plastic micro well tray
provided in the kit. With a fresh pipette for each well, two wells were filled with 100µL of each
calibrator. Next, using a fresh pipette for each well, two wells were filled with 100µL of the
prepared reconstituted PBS mixture for each segment of each hair sample. One well was left
empty (blank) for control purposes. Next, using a fresh pipette for each well, 100µL of diluted
conjugate was added to each calibrator and each sample well. The tray was then incubated at +37
degrees C for 2 hours.
After incubation, the procedures for processing estradiol samples are the same as the
procedures for processing cortisol samples.
ELISA Kit Preparation and Test Specifics: Testosterone
Procedures for the preparation and analysis of samples within the DiaMetra Testosterone
Saliva ELISA are similar to those described above for cortisol; however, there are some
differences. Similar to the preparation of the Cortisol Saliva ELISA kit, calibrators were mixed
for five minutes on a rotating mixer prior to use; however, there are only four calibrators (C0,
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C1, C2, C3, and C4) included in the testosterone kit. Next, the wash solution was prepared using
the same steps as presented for the cortisol kit. Next, 10µL of diluted conjugate (reagent 4) was
added to 1.0 mL of incubation buffer (reagent 3) and was mixed gently on a rotating shaker for
five minutes. The reagents were then ready for analysis in the plastic micro tray.
The reagents were then ready for distribution and testing in the plastic micro well tray
provided in the kit. With a fresh pipette for each well, two wells were filled with 100µL of each
calibrator. Next, using a fresh pipette for each well, two wells were filled with 100µL of the
prepared reconstituted PBS mixture for each segment of each hair sample. One well was left
empty (blank) for control purposes. Next, using a fresh pipette for each well, 100µL of diluted
conjugate was added to each calibrator and each sample well. The tray was then incubated at +37
degrees C for 1 hour.
After incubation, the procedures for processing testosterone samples are the same as the
procedures for processing cortisol samples.
Statistical Analysis
Microsoft Excel 2016 and IMB SPSS Statistics version 24 was used to analyze data.
Mean values (M) and standard deviations (SD) were calculated from raw data for each individual
in Microsoft Excel. SPSS was used to perform Shapiro-Wilkes tests for normality on data to
determine whether results were normally distributed within the samples (modern and
archaeological). For data that are not normally distributed, nonparametric Mann-Whitney U tests
will be performed to make comparisons between samples, following the methods of Webb et al.
(2010; 2015). For data that are normally distributed, a student’s t-test will be applied. A p value
of <0.05 is considered statistically significant.
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CHAPTER 4: RESULTS
All hair samples yielded measurable values of cortisol, estradiol, and testosterone.
Results for each hormone will be discussed in separate sections. Results for the modern and
archaeological samples will be discussed in separate subsections, followed by an additional
subsection comparing the two samples. Several analyses will be completed for each hormone
within each sample. First, mean values will be calculated and presented. Next, data will be tested
for normality to ensure the proper statistical methods are applied. Next, to test for diagenesis and
leaching, hormone values from the most proximal and most distal centimeters of hair will be
compared. Finally, mean hormone values for males and females will be compared to assess
whether there are significant differences in overall mean concentrations between sexes.
Cortisol Values
All hair samples yielded measurable levels of cortisol. Data for the modern sample and
archaeological sample will be presented separately below, followed by a comparison between the
two samples.
Modern Sample
The overall mean cortisol level for all 10 modern individuals was 305.78 ng/g ± 54.75
ng/g and the range was 172.18 ng/g [362.75 – 190.57 ng/g]. This sample mean was calculated as
a mean of mean cortisol levels for each modern individual. Mean cortisol levels for males (N=5)
was 320.02 ng/g ± 43.18 ng/g with a range of 102.95 ng/g [348.2 – 245.25 ng/g] (Figure 3), and
mean cortisol levels for females (N=5) was 291.54 ng/g ± 66.13 with a range of 171.43 ng/g
[362.75 -190.57 ng/g] (Figure 4). Data were non-normally distributed within the modern sample
38

(Shapiro-Wilk W=.88, p=0.12), so non-parametric tests were performed on the data. Cortisol
values were statistically significantly higher in the most proximal segment of hair than in the
most distal segment of hair across the modern sample (Mann-Whitney U=12.00 p=0.004)
(Figure 5). There was no significant difference in mean cortisol levels between males and
females (Mann-Whitney U = 10.00, p = .602).
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Figure 3: Segmental changes in cortisol values in males in the modern sample. Note the changes from proximal
(recent) to distal (less recent). Each segment represents one month.
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Figure 4: Segmental changes in cortisol values in females in the modern sample. Note the changes from proximal
(recent) to distal (less recent). Each segment represents one month.

Figure 5: Comparison between cortisol values in the most proximal and most distal segments of hair within the
modern sample. Note that values in the proximal hair segments (recent growth) are higher than those in distal
segments (older growth). Segments =1cm each; all values reported in ng/g.
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Archaeological Sample
The overall mean cortisol level for all 10 archaeological individuals was 343.70 ng/g ±
70.15 ng/g with a range of 194.5 ng/g [467.00 – 272.5 ng/g]. The sample mean was calculated as
a mean of mean cortisol levels for each individual. Mean cortisol levels for males (N=5) was
393.61 ng/g ± 62.24 ng/g with a range of 165.25 ng/g [467.00 – 301.75 ng/g] (Figure 6) and
mean cortisol levels for females (N=5) was 293.79 ng/g ± 31.18 ng/g with a range of 75.70 ng/g
[348.2 -272.5 ng/g] (Figure 7). Data were non-normally distributed within the sample (ShapiroWilk W=.89, p=0.18), so non-parametric tests were performed on the data. There was no
statistically significant difference between cortisol values in the most proximal segment and most
distal segment of hair within the sample (Mann-Whitney U=48 p=0.880) (Figure 8); however,
mean cortisol values were significantly higher in males than in females (Mann-Whitney U=1.0
p=0.016).
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Figure 6: Segmental changes in cortisol values in males in the archaeological sample. Note the changes from
proximal (recent) to distal (less recent). Each segment represents one month.
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Figure 7: Segmental changes in cortisol values in females in the archaeological sample. Note the changes
from proximal (recent) to distal (less recent). Each segment represents one month.

Figure 8: Comparison between cortisol values in the most proximal and most distal segments of hair within the
archaeological sample. Note that values are relatively stable between the two samples. Segments=1cm each; all
values reported in ng/g.
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Cortisol: Comparing the Modern and Archaeological Samples
A Mann-Whitney U test was performed to compare mean cortisol values between the
modern and archaeological samples. There was no statistically significant difference (MannWhitney, U= 36.50, p=0.307), between mean cortisol levels between the modern (M=305.78
ng/g ± 54.75) and archaeological samples (M= 343.70 ng/g ± 70.15 ng/g) (Figure 9).

Figure 9: Mean cortisol values compared between the modern and archaeological samples. Note the changes from
proximal (recent) to distal (less recent). Each segment represents one month.

Estradiol Values
All samples yielded measurable values of estradiol. Results for each sample will be
presented separately below, then the results of the two samples will be compared.
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Modern Samples
The overall mean estradiol level for all 10 modern samples was 47.89 pg/g ± 22.24 pg/g
with a range of 57.67 pg/g [79.00 – 21.33 pg/g]. The sample mean was calculated as a mean of
mean estradiol levels for each individual. The mean estradiol level for males (N=5) was 27.74
pg/g ± 4.73 pg/g with a range of 13.33 pg/g [34.67 – 21.33 pg/g] (Figure 10), and mean value for
females (N=5) was 68.04 pg/g ± 8.70 pg/g with a range of 16.46 pg/g [71.57 – 55.11 pg/g]
(Figure 11). Data were non-normally distributed (Shapiro-Wilks, W=.86, p=0.08); as a result,
nonparametric tests were used to analyze the data. Female hair estradiol values were significantly
higher than those of males (Mann-Whitney U= .000 p=0.008). There was no significant
difference between estradiol concentrations in the most proximal and most distal segments of
hair across the sample (Mann-Whitney U=48, p=0.92) (Figure 12).
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Figure 10: Segmental changes in estradiol values in males in the archaeological sample. Note the changes
from proximal (recent) to distal (less recent). Each segment represents one month.
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Figure 11: Segmental changes in estradiol values in females in the archaeological sample. Note the
changes from proximal (recent) to distal (less recent). Each segment represents one month.

Figure 12: Comparison between estradiol values in the most proximal and most distal segments of hair within the
modern sample. Note that values remain relatively stable between proximal and distal segments. Segments=1cm
each; all values reported in pg/g.
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Archaeological Sample
The total, overall mean estradiol value for the sample was 90.55 pg/g ± 70.71 pg/g, and
the range was 185 pg/g [222.0 - 37.0 pg/g]. Sample means were calculated as means of mean
estradiol values for each individual. Mean estradiol value for males (N=5) was 48.38 pg/g ±
11.53 pg/g with a range of 24.5 pg/g [61.5 – 37.0 pg/g] (Figure 13). The mean estradiol value for
females (N=5) was 132.62 pg/g ± 81.68 pg/g, with a range of 177 pg/g [222.0 – 45.0 pg/g]
(Figure 14). Mean estradiol values were normally distributed within the sample (Shapiro-Wilk;
W=.740 p=0.003); as a result, an independent samples t-test was used to analyze the data. Mean
estradiol values were statistically significantly higher in females than in males (t= -2.286
p=0.05). There was no significant difference between estradiol values observed in the most
proximal segment and most distal segments of hair (t= .742 p=0.47) (Figure 15).
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Figure 13: Segmental changes in estradiol in archaeological males. Note the changes from proximal (recent) to distal
(less recent). Each segment represents one month.
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Figure 14: Segmental changes in estradiol in archaeological females. Note the changes from proximal (recent) to
distal (less recent). Each segment represents one month.

Figure 15: Comparison between estradiol values in the most proximal and most distal segments of hair within the
archaeological sample. Note that proximal (recent) values for K131 and K318 far exceed values in other females.
Excluding these outliers, values are relatively stable between segments. Segments=1cm each; all values reported in
pg/g.
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Estradiol: Comparing the Modern and Archaeological Samples
Estradiol values in the modern sample were not normally distributed; however, values
were normally distributed in the archaeological sample (Shapiro-Wilks, p=0.079 and U=.359
p=0.003, respectively). Because one of the data sets were non-normally distributed, nonparametric tests were used to compare the two samples. There was no statistically significant
difference in mean estradiol values between the modern and archaeological populations (MannWhitney, U=32.00, p=0.174) (Figure 16). When evaluated holistically, estradiol values were
significantly higher in females than in males overall (Mann-Whitney, U= 7.0, p=0.001).

Figure 16: Comparing mean estradiol values between the modern and archaeological samples. Note that while
means are relatively similar, a wider range of values are exhibited in the archaeological sample.
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Testosterone Values
All hair samples yielded measurable levels of testosterone. Results for the modern and
archaeological samples will be provided separately below, followed by a comparison between
the two samples.
Modern Samples
The mean testosterone value for the modern sample was 9.40 ng/g ± 1.28 ng/g, with a
range of 16.73 ng/g [20.08 – 3.35 ng/g]. In males (N=5), the mean testosterone value was 13.56
ng/g ± 5.32 ng/g with a range of 13.97 ng/g [20.08 – 6.11 ng/g] (Figure 17), and in females
(N=5) mean testosterone value was 5.23 ng/g ± 1.28 ng/g with a range of 2.35 ng/g [5.70 – 3.35
ng/g] (Figure 18). Sample means were calculated as a mean of means for each individual. Data
were non-normally distributed (Shapiro-Wilks W=.87; p=0.10); as a result, non-parametric
Mann-Whitney U tests were performed to analyze data. Testosterone values in the most proximal
segment of hair were not statistically significantly different from those in the most distal segment
of hair (Mann-Whitney U=44.0; p=0.650) (Figure 19). Mean testosterone values were
statistically significantly higher in males than in females (Mann Whitney U=1.0; p=0.016).
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Figure 17: Segmental changes in testosterone in modern males. Note that all values remain relatively stable across
hair samples. Segments=1cm each; all values reported in ng/g.

Figure 18: Segmental changes in testosterone in modern females. Note that values remain relatively
stable across hair samples. Segments=1cm each; all values reported in ng/g.

50

Figure 19: Comparison between cortisol values in the most proximal and most distal segments of hair within the
modern sample. Note that mean values and ranges are relatively stable between segments. Segments=1cm each; all
values reported in ng/g

Archaeological Samples
The overall mean testosterone value for the archaeological sample was 14.36 ng/g ± 7.70
ng/g, with a range of 20.54 ng/g [23.91 – 3.37 ng/g]. In males (N=5), the mean testosterone
value was 21.14 ng/g ± 2.77 ng/g with a range of 5.72 ng/g [23.34 – 17.62 ng/g] (Figure 20), and
in females (N=5) the mean testosterone value was 7.57 ng/g ± 3.26 ng/g with a range of ng/g
[11.01 – 3.37 ng/g] (Figure 21). Sample means were calculated as a mean of means for each
individual. Data were non-normally distributed (Shapiro-Wilks s=.90; p=0.10); as a result, nonparametric Mann-Whitney U tests were performed to analyze data. There was no statistically
significant difference between testosterone values in the most proximal segment (M=14.5 ng/g ±
7.47 ng/g) and the most distal segment (M=14.17 ± 7.98 ng/g) of hair within the sample (MannWhitney; U=48; p=0.880) (Figure 22).
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Figure 20: Segmental changes in testosterone values in males in the archaeological sample. Values remain relatively
stable across the hair samples. Segments=1cm each; all values reported in ng/g.
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Figure 21: Segmental changes in testosterone values in females in the archaeological samples. Note that K131 and
K318 are higher than other females and that values gradually increase through time. Segments=1cm each; all values
reported in ng/g.
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Figure 22: Comparison between testosterone values in the most proximal and most distal segments of hair within the
archaeological sample. Note that mean values and ranges are relatively stable between both segments.
Segments=1cm each; all values reported in ng/g.

Testosterone: Comparing the Modern and Archaeological Samples
Mean testosterone values were compared between the modern and archaeological
samples. Mean testosterone values were not normally distributed (Shapiro-Wilk, modern:
W=.870, p=0.10; archaeological: W=.910, p=0.28); as a result, nonparametric Mann-Whitney U
Tests were performed on the data to compare the two samples. There was no significant
difference between the mean value scores between the modern and archaeological samples (U=
30, p=0.131) (Figure 23).
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Figure 23: Comparing mean testosterone values between individuals in the modern and archaeological samples.
Note that while mean values are not statistically different, the archaeological sample yields a higher mean value and
a larger range of values overall. Segments=1cm each; all values reported in ng/g.
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CHAPTER 5: DISCUSSION
The results of the present study confirm that the steroid hormones cortisol, estradiol, and
testosterone can be preserved and subsequently identified in archaeological human hair through a
modified ELISA technique. This chapter will first discuss the preservation of the hormones in
archaeological hair, and then discuss the findings for cortisol, estradiol, and testosterone for both
the modern and archaeological populations. Finally, holistic case studies for individuals within
the archaeological sample (K131 and K318, and K275) will be provided.
Preservation
Good preservation is a critical element for successful hair analysis. This applies not only
to archaeological hair samples, but to modern hair samples as well. In modern hair samples, good
preservation is generally expected, though damage to the hair cuticle from heat or mechanical
stress can leave the cortex susceptible to degradation (Kirschbaum et al., 2009). Archaeological
samples can be remarkably well preserved under the right conditions (Bertrand et al., 2003), but
bioarchaeologists should still be wary of structural degradation and possible contamination from
the burial environment, decomposition fluids, or exogenous deposition of biological materials
such as sebum or sweat (Wilson et al., 2010; Mansilla et al., 2010; Williams et al., 2011). Hair
samples in the present study were carefully sorted and examined prior to analysis to ensure that
all fibers in the analysis exhibited good structural preservation, and that no external contaminants
were adhered to the hair fibers. There is no way to evaluate hormone preservation in hair prior to
analysis, but it is assumed that hair with well-preserved hormones will yield values similar to
those reported in reference populations and will reflect biogenic patterning of hormone
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distribution retrospectively through time (Kirschbaum et al., 2009, Webb et al., 2010; Webb et
al., 2015).
Each hormone under evaluation, cortisol, estradiol, and testosterone, was well-preserved
in both the modern and archaeological populations. To assess preservation, a number of
comparisons were completed. First, mean hormone values were compared between the modern
and archaeological samples to assess whether hormone degradation had occurred through time in
the archaeological sample. Next, mean hormone values (cortisol, estradiol, and testosterone,
respectively) were calculated for the most proximal and most distal segments of hair in both
samples to see whether hormone values declined through time, through repeated washing or
damage. Finally, observed values for each hormone were compared to clinical and
archaeological reference values, depending on availability, to assess whether overall values and
biogenic patterns of hormone production are similar.
No significant differences in mean hormone concentrations were observed between the
modern and archaeological samples for cortisol, estradiol, or testosterone (Figures 9, 16, 23),
which indicates that no significant degradation had occurred through time in the archaeological
sample. Similarly, no significant difference was found in hormone values between the most
proximal and most distal hair segments for each hormone within both samples, with the
exception of cortisol values in the modern sample, which exhibited elevated hormone levels in
proximal over distal segments (Figure 5). Because cortisol is released as a stress response, it is
likely that the significant increase in proximal hair segments observed in the modern sample is
the result of an increased stress load on the individuals in the study, rather than an effect of
leaching or hormone degradation. The most proximal segment of hair represents the most recent
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growth preceding death, a time in which an increased stress is not unexpected (Webb et al.,
2010). This concept will be discussed at length in a subsequent section.
Finally, observed hormone values for cortisol, estradiol, and testosterone were compared
to both archaeological and clinical reference values, when available. For each hormone, values
met or exceeded published reference ranges, which further indicates that hormones were wellpreserved and not degraded through time. Comparisons between observed values and published
reference ranges will be discussed in separate sections for cortisol, estradiol, and testosterone
below.
Overall, comparisons between samples, between proximal and distal segments, and
between observed values and clinical reference values all indicate that hormones were
exceptionally preserved in the modern and archaeological samples. This suggests that, under
favorable burial conditions, the hormones cortisol, estradiol, and testosterone can be recovered
from human hair that is approximately 1,500 to 2,000 years old.
Cortisol
In this section, the results for the ELISA analysis of hair cortisol will be discussed. First,
considerations relating to the evaluation of cortisol values in hair will be evaluated, and clinical
reference values will be provided to allow for accurate interpretations of the results. Next, results
for the modern and archaeological samples will be discussed in two separate subsections, and a
comparison between the two samples will be made.
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Considerations for Evaluating Cortisol Values in Hair
Although hair cortisol is widely regarded as an essential biomarker for chronic stress,
there are currently no standardized methods for the application of the ELISA technique to hair
(Abar et al., 2013). Similarly, there are no standardized methods for the reporting the results of
analyses of hair cortisol concentrations (Wright, 2015). Reference ranges for the detection and
evaluation of cortisol in urine, serum, plasma, and saliva are available both commercially and
clinically (“Cortisol ELISA Kit”; Mayo Clinic Medical Laboratories); however, to date the only
published reference values for hair cortisol are for adolescents (Noppe et al., 2014). Presently,
the literature provides conflicting results regarding whether hair cortisol values correlate with
salivary or serum levels; this dilemma is largely influenced by the high intra- and interindividual variability inherent in cortisol values within and between sample populations and the
diurnal rhythmic fluctuations of the cortisol in bodily fluids (Gerber et al., 2012).
At present, a lack of standardization in reporting the unit of measurement for hair cortisol
concentration results makes cross-sample comparisons difficult. According to Wright (2015), the
most common unit used for reporting hair cortisol values is picograms per milligram (pg/mg).
Results are also reported in nanograms per gram (ng/g), picograms per milliliter (pg/mL), and
millimoles per gram (mmol/g). This thesis reports hair cortisol concentrations in nanograms per
gram (ng/g), following research published by Webb et al. (2010). To ensure accurate
interpretation of results, reference ranges for cortisol in this discussion will be drawn from
studies which have applied a similar ELISA technique and which report results in nanograms per
gram (ng/g).
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Reference Values for Cortisol Values
Three studies in clinical literature use the same methodology and report references in the
same unit as the present study. The first, a clinical study by Thomson et al. (2010), provides a
comparative study of hair cortisol values which includes a population of healthy adults of
European ancestry (N=29), ranging in age from 20 to 51 years. The second reference range
comes from a clinical study by Pereg et al. (2013) whose sample consisted of adult male patients
(N=44) with stable congestive heart failure (CHF); no specific ancestry information is provided
for the sample. A third reference range consists of an adult sample from First Nation
communities in Canada who are described as chronically stressed due to chronic health and
socioeconomic concerns (Henley et al., 2013). The final comparative sample is an archaeological
sample from Webb et al. (2010). It consists of adult males and females (N=10) recovered from
archaeological sites across Peru that date from AD 500-1532 (Table 3).
Although this thesis will draw upon clinical ranges for cortisol values in hair in an effort
to make comparisons, it is essential to note that the samples in this research are unique from
those presented in clinical research because they represent a segment of a population which is
deceased. The modern and archaeological samples analyzed in this research represent a temporal
timespan leading up to the time of death for individuals within the sample. Cortisol values,
which are used as biomarkers for stress, are expected to be higher in those who are approaching
death than in healthy controls (Webb et al., 2010). For this reason, the reference studies used in
this thesis includes a variety of samples, not just healthy controls, to provide a range of reference
cortisol values.
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Table 3: Reference samples for hair cortisol values

Reference
Thomson et al.
(2009)
Pereg et al. (2013)

(n) Sex
21 F
11 M
44 M

Age
20-51
20-51
18+

Henley et al (2013)

32

M/F

Adult

Henley et al (2013)

25

M

Adult

Webb et al. (2010)

10

M/F

Adult

Present Study

5
5

M
F

Adult
Adult

Hair Cortisol Values
102 ± 58 ng/g (mean)
134 ± 40 ng/g (mean)
207 ng/g (median)
117.7 – 1277.3 ng/g
(range)
116 ng/g (median)
26-204 ng/g (range)
189 ng/g (mean)
163-219 ng/g (range)
281 ± 35 ng/g (mean)
91 – 707 ng/g (range)
320.02 ng/g ± 43.18 ng/g
291.54 ng/g ± 66.13

Population
Healthy
Healthy
Stable CHF*

Healthy
Chronic
Stress/Health
Concerns
Archaeological
Peru AD 500-1500
Kellis 2 Cemetery,
Dakhleh Oasis,
Egypt 50-450 AD

*CHF – Patients with “Chronic Heart Failure”

Cortisol Values in the Modern Sample
Overall mean cortisol values in the modern sample (M= 305.78 ± 172.18 ng/g) were high
when compared to overall mean values in a modern, healthy sample of adults (M= 116.00 ±
54 ng/g), but were well within ranges exhibited by those who were chronically ill (117.7 –
1277.3 ng/g) (Thomson et al., 2009; Pereg et al., 2013). There was no statistically significant
difference between hair cortisol values in males (320.02 ng/g ± 43.18 ng/g) and females (291.54
ng/g ± 66.13). Data for the modern sample demonstrate an increase in cortisol levels from the
most distal to most proximal segments of hair in all individuals except for one female (C389)
(Figure 4). As discussed above, the modern sample in this research is unique to clinical samples
in that it represents individuals who are deceased; therefore, cortisol values reflect a temporal
span leading up to the time of death for individuals within the sample. As demonstrated in the
chronically ill reference sample, an elevation in cortisol values is not unexpected when health is
60

poor. It has been demonstrated that cortisol levels in individuals who are chronically stressed,
such as those experiencing chronic illness, can be double that of normal, healthy controls (Van
Uum, 2008; Webb et al., 2010).
Another likely contributing factor for the discrepancy between the reported mean values
for the healthy clinical reference population (Thomson et al., 2009) and the modern sample in the
present study is the age difference between the two groups. The individuals in this research range
from 55 to 90 years of age, while the Thomson et al. (2009) sample range in age from 20 to 51.
Hair cortisol values have been reported to significantly increase with age in middle-age and older
adults (Dettenborn et al., 2012; Feller et al., 2014). Presently, the precise mechanisms that
influence elevated cortisol levels in the elderly are not known; though recent clinical research has
suggested that it could be caused by age-related atrophy of the prefrontal cortex (Stomby et al.,
2016). Additional research suggests that the increase simply correlates with a heightened risk for
age-related, stress-inducing physical and mental health conditions, including: cardiovascular
disease, type 2 diabetes mellitus, depression, and generalized anxiety disorder (Mantella, 2008;
Manenschijn et al., 2013; Feller et al., 2014). In yet another study, Dettenborn et al. (2012)
hypothesizes that a decrease in hair growth rate in the elderly may contribute to elevated cortisol
concentrations in hair fibers, but explains that this hypothesis has not yet been tested.
In addition to comparing mean values between the two samples, comparisons were made
between sexes within the modern sample; however, there was no statistically significant
difference between mean cortisol values in modern males (M = 320.02 ng/g ± 43.18 ng/g) and
females (M =291.5381 ng/g ± 66.13) in the present study. This result is at variance with the
reference population, which demonstrated a statistically significant difference between males and
females (Thomson et al., 2009). Young and middle-aged adult males tend to have higher hair
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cortisol levels than females within the same respective age groups (Thomson, 2009; Dettenborn
et al., 2012; Feller et al., 2014). However, research has suggested that differences in mean
cortisol concentrations between sexes dissipate in individuals over the age of 70, which also
supports the hypothesis that age had an impact on the results of the present study (Feller et al,
2014; Dettenborn et al., 2012).
Cortisol Values in the Archaeological Sample
Overall mean cortisol levels in the archaeological sample (M = 343.70 ± 70.15 ng/g)
were slightly higher than those reported for archaeological individuals by Webb et al. (2010)
(M= 281 ± 35 ng/g); however, the range (272.5 - 467.00 ng/g) of values fit within those reported
by the authors (91 – 707 ng/g) (Table 3). No significant difference was found between cortisol
values in males and females.
When compared to clinical reference samples (Table 3), cortisol values far exceed those
observed in healthy individuals, as well as those who are chronically ill. Similar to the modern
sample in this study, the archaeological sample represents individuals who are deceased, and
their hair represents the months leading up to the time of death; as a result, an increase in stress,
and in turn, hair cortisol, is not unexpected (Webb et al. 2010). Chronic stress often correlates
with poor health (Miller, 2007).
According to Webb et al. (2010), stress experiences leading up to the time of death can be
of interpretive value in individuals who are approaching death – in particular, stress can be
indicative of frailty, which is defined as a susceptibility to illness, and morbidity, which is
defined as an incidence of illness (p. 811). In this study, the authors traced increases and
decreases in cortisol secretion in an effort to identify the onset and duration of unique stress
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experiences in individuals. When evaluated in the present study, trends in cortisol secretion
indicate that stress experiences were highly variable between the sampled individuals. For
example, within the male group in the archaeological sample, three individuals (K402, K393,
and K512) experienced an increase in cortisol secretion (i.e. stress) as they approached death;
however, two individuals (K222 and K143) experienced a decrease in cortisol secretion through
time (Figure 6). For K222 and K143, this indicates that these individuals were experiencing an
alleviation of stress as they approached death. Within the female group, variability is even more
pronounced. Individual K459 particularly has an interesting record of cortisol secretion – in this
individual cortisol levels begin very high (502 ng/g) and stay high for approximately three
months. After this point, values decrease significantly over the course of five months before
slowly increasing again (Figure 7). This patterning indicates that the individual was under a high
level of stress for a prolonged period of time (at least three months) followed by a five-month
period of reduced stress; this period was ultimately followed by a renewed exposure to stress in
the final two months of the individual’s life. Conversely, cortisol values for K318 begin low (181
ng/g); these values actually fall within reference ranges for a healthy clinical reference group
(Thompson et al., 2010). Within a short period of time, however, cortisol values more than
double for K318. This indicates that the individual may have experienced a sudden onset of
stress in the months leading to their death.
Evaluating “stress” is complicated, even clinically. Although records of cortisol secretion
can provide a unique and invaluable line of inquiry into ancient health, it is not a specific
indicator for frailty, morbidity, or individual life experiences. According to Miller et al. (2007),
there is a high level of inter- and intra-individual variability in regard to an individual’s response
to stress. Cortisol secretion, which is ultimately a product of HPA activity, can vary depending
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on what type of stress is experienced; furthermore, this stress response is modulated by each
individual’s perception of the experience. For example, Miller et al. (2007) explain that the
“nature of threat” (p 27) can siginificantly influence the body’ stress response: the body may
respond differently to emotional, psychological, and physical stressors. The authors explain that
social stressors can also elicit HPA activity, and in turn, a stress response yielding cortisol
production and secretion. Situations which are deemed “uncontrollable” are thought to elicit a
heightened stress response over those which are deemed to be manageable.
Interpreting stress responses through cortisol secretion in archaeological samples is best
done in conjunction with other indicators of stress – such as stable isotope analysis, which can
explore patterns of seasonality and diet, health, and mobility, as well as paleopathological
assessments of skeletal growth disruptions (in adolescents) and lesions (Webb et al., 2010). In
addition, it may be useful to compare records of cortisol secretion with records of other steroid
hormones, such as estradiol and testosterone. This has been done in clinical research, for
example, recent clinical study by Pereg et al. (2013) evaluated interactions in hair between
cortisol and testosterone to gain a fuller understanding of the interaction between stress and
health in patients with chronic heart failure. The authors determined that evaluating the two
hormones in tandem has the potential to offer more accurate insight into patient health than
evaluating either hormone in isolation.
Overall, this research serves to further validate the novel ELISA technique for cortisol
detection in archaeological human hair that was originally presented by Webb et al. (2010;
2015). Because values for cortisol in the archaeological sample fall within ranges reported by
Webb et al. (2010), this study validates the results of Webb and colleagues (2010) and indicates
that hair cortisol tends to be higher in those that are approaching death, particularly in
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archaeological populations. This study demonstrates that hair cortisol has the potential to be well
preserved in arid, desert environments for hundreds of years, and contributes additional reference
values to the growing body of literature on hair cortisol. Unfortunately, paleopathological and
isotopic data are not available for the present study to make specific interpretations of individual
stress experiences exhibited within the sample; however, holistic case studies of estradiol,
testosterone, and cortisol will be discussed in a later section within the present study.
Comparing Cortisol Values Between the Two Samples
Values were remarkably similar between the two samples (modern sample: M= 305.78 ±
172.18 ng/g; archaeological sample: (M = 343.70 ± 70.15 ng/g); there was no significant
difference between mean cortisol values the two samples (Figure 9). Overall, values for both
samples were higher than in clinical reference populations (Table 3). As discussed within
individual sections, this elevation in cortisol values is attributed to the fact that hair samples
represent a retrospective record into the final months of each individual’s life, and is not thought
to be indicative of methodological error.
Estradiol
In this section, results for estradiol will be discussed. Because the present study is largely
experimental, a number of methodological and physiological concerns must be explored before
meaningful interpretations can be made about the results of the estradiol ELISAs. The following
subsections will explore the following concerns: 1) establishing “anticipated” baseline reference
values for hair estradiol; 2) methodological concerns for evaluating hair estradiol; and 3)
physiological concerns regarding hair estradiol. After these concerns are discussed, results will
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be explored for the modern and archaeological samples in two separate sections, and finally, a
comparison will be made between the results of the two samples.
Establishing Reference Values for Estradiol in Hair
Clinical studies of estradiol in hair are limited; however, the first study which quantified
estradiol in human hair determined that hair estradiol concentrations (pg/g) correlate with serum
concentrations (pg/ml) at a ratio of 41.2% (Yang et al., 1998). The sample in this novel study
consisted of premenopausal women (N=20). To date, no studies have attempted to quantify
estradiol concentrations in the hair of men, or in postmenopausal women. Additionally, no
studies to date have attempted to quantify estradiol values in archaeological hair. As a result, the
reference values for hair estradiol provided by Yang et al. (1998) will serve as a baseline
reference for the premenopausal women in the archaeological sample of this study; however,
reference values must be generated for the postmenopausal woman in the archaeological sample
and women in the modern samples, as well as for the males in both samples. To create a
reference to compare the results for these samples, serum values for males and postmenopausal
women reported by the Mayo Clinic Medical Laboratories were multiplied by 0.412, the ratio
provided by Yang et al. (1998) for hair estradiol to serum estradiol. The resulting equation
appears as follows:
𝐸𝑠𝑡𝑟𝑎𝑑𝑖𝑜𝑙 (ℎ𝑎𝑖𝑟)𝑝𝑔⁄𝑔 = 𝐸𝑠𝑡𝑟𝑎𝑑𝑖𝑜𝑙 (𝑠𝑒𝑟𝑢𝑚) 𝑝𝑔⁄𝑚𝐿 𝑥 0.412

(1)

Presently, a lack of foundational research in hair estradiol makes it difficult to determine
whether the calculated “anticipated” reference values used in this research are accurate or
applicable to the present study. Nonetheless, in an attempt to make preliminary interpretations
and to set a foundation for future research, anticipated reference values calculated from Equation
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1 will be used for the evaluation of the results and the discussion in the present research.
Potential methodological and physiological concerns regarding the use of these anticipated
reference values will be presented in the next two subsections.

Table 4: Reference values for anticipated estradiol levels in hair for the modern population.

Sample
Females
Males

Serum Valuesa

Premenopausal 15-350 pg/mL *
Postmenopausal <10 pg/mL
10-40 pg/mL

Expected Value
in Hair b
6.8 – 144.2 pg/g
4.12 pg/g
4.12 – 16.48 pg/g

Observed Value in
Hair
68.04 pg/g ± 8.70 pg/g
27.74 pg/g ± 4.73 pg/g

a

Mayo Clinic Medical Laboratories. bCalculated from ratios by Yang et al. (1998).
* E2 levels in premenopausal women may peak at 500 pg/mL (206 pg/g)

Table 5: Reference values for anticipated estradiol levels in hair for the archaeological population.

Sample
Females

Males

Serum Valuesa, b

Premenopausal
(throughout
menstrual cycle)
First Trimester

15-350 pg/mLa *

Second Trimester
Third Trimester
Postmenopausal

1278-7192 pg/mLb
6137-3460 pg/mLb
<10 pg/mLa
10-40 pg/mLa

Expected Value
in Hairc
6.8 – 144.2 pg/g

Observed Value in
Hair
160.69 ± 91.19 pg/g

4.12 pg/g
4.12 – 16.48 pg/g

90.75 ± 64.7 pg/g
48.38 ± 11.53 pg/g

188-2497 pg/mLb

a

Mayo Clinic Medical Laboratories. b Abbassi-Ghanvanti et al. (2009). c Calculated from serum/hair ratios by Yang
et al. (1998).
* E2 levels in premenopausal women may peak at 500 pg/mL (206 pg/g)

Methodological Concerns Regarding the Assessment of Estradiol in Hair
One of the primary concerns associated with assessing estradiol in archaeological human
hair is a lack of foundational research on which to build. Aside from the work completed by
Yang et al. (1998), few studies have attempted to quantify or evaluate estradiol in hair.
Additional studies which have evaluated estradiol in hair have thus far been limited to studies
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which are primarily interested in forensic and clinical trials utilizing animal species, such as
lemurs and cattle (Duffy et al., 2009; Tennenhouse et al., 2017); however, recent studies have
begun to explore new methodologies, such as liquid chromatography quadruple linear ion trap
mass spectrometry, for identifying estradiol in human hair (Gaudl et al., 2016). This technique
has demonstrated some success in improving the specificity when identifying estradiol in the
biofluids (serum, saliva, urine) of postmenopausal women, but unfortunately, no definitive
closing remarks were made in regard to identifying or quantifying estradiol in hair, and no new
reference values were provided (Gaudl et al., 2016).
The foundational study for identifying estradiol in human hair, conducted by Yang et al.
(1998), was invaluable in constructing reference values for estradiol in hair for this thesis;
however, the results of this study are based on a very small reference population (N=20) and
have not yet been validated by subsequent research. Since this novel study, advancements have
been made in developing methodologies for sampling and analyzing hair, and some of the
methodologies used by Yang et al. (1998) are not presently recognized as best practices.
The original study by Yang et al (1998), entitled a “preliminary investigation” on
identifying reproductive hormones in human hair, applied very different methodologies than the
present study. For example, the authors sampled very large portions of hair (20-45 cm) and
segmented hair into three large sections: top, middle, and basal. Since 1998, it has been
discovered that steroid hormones may be leached from hair through time, and it is recommended
that hair samples longer than six centimeters be evaluated with caution. Hair samples 20 to 45
cm in length represent a time frame of approximately 20 months to 4 years, and it is likely that
hormones would have been leached from hair through repeated hair washings and other

68

mechanical damage over the course of the extended time frame. As a result, hormone values
extracted from those samples may be lower than what would observed in recent hair growth.
Another methodological concern for using reference values by Yang et al. (1998) is that
the study only evaluated premenopausal women between the ages of 20-45. Although the team
determined that the ratio between hair estradiol and serum estradiol is 41.2%, it is not clear if this
ratio is accurate when applied to postmenopausal females or to males. Additionally, it is
unknown if this ratio is accurate when a different immunoassay methodology is applied. For
example, this thesis utilized an enzyme-linked immunoassay (ELISA) kit built for quantifying
salivary estradiol, while the study by Yang et al. (1998) utilized a radioimmunoassay (RIA) kit
built for quantifying serum estradiol. Estradiol, like other steroid hormones, is bound to carrier
proteins as it circulates throughout the bloodstream. When bound steroid hormones are diffused
through capillaries into saliva, diffusion is facilitated by high lipid solubility and low protein
binding and protein-hormone packages are disassembled. The hormones become unbound, or
“free”, and bioavailable. It has been theorized that hormones represented in hair, like saliva,
should represent the unbound, bioavailable levels of hormones in the body (Davenport et al.,
2006). It is unclear whether a kit built for the quantification of bound steroid hormones (RIA;
serum) will yield similar results to a kit built for the quantification of unbound steroid hormones
(ELISA; saliva) when analyzing hair samples.
To explore this concern, it is perhaps useful to examine the results that Yang et al. (1998)
present for quantifying testosterone in human hair. Similar to estradiol, Yang et al. (1998)
performed a serum-based RIA to hair to identify testosterone. Since this preliminary study,
additional researchers have conducted salivary-based ELISA tests on human hair to quantify
testosterone. If there are major discrepancies between the results presented by Yang et al. (1998),
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and subsequent studies utilizing a different methodology, it would suggest that the “anticipated
reference values” for hair estradiol utilized in the present study would be incorrect, and in need
of adjustment in order to make accurate interpretations.
The premise for this thought is that testosterone, like cortisol and estradiol, is a steroid
hormone. In serum, testosterone is bound to proteins. In saliva, and theoretically, hair,
testosterone is unbound, or “free” (Davenport et al., 2006). In the preliminary study by Yang et
al. (1998), the authors performed a serum-based RIA to assess the hair of 25 males. The authors
determined that the mean testosterone value was 5.88 ng/g, with a ratio of 116% to serum
testosterone values. A subsequent study of hair testosterone (Pereg et al., 2013) utilizing an
ELISA built for the detection of salivary testosterone determined that hair testosterone can range
in value between 2.39 and 24.64 ng/g in males. Although 5.88 ng/g (Yang et al., 1998) indeed
falls within this range, it is on the lower end of the spectrum. It is not clear if this 5.88 ng/g
represents a mean, or median score, and a range is not provided. There are a number of factors
that could contribute to the difference between the results of Yang et al. (1998) and Pereg et al.
(2013), including natural inter- and intra-individual variability, but a difference in core
methodologies can certainly not be ruled out. If methodologies are accountable for the
discrepancy between results for testosterone presented by the two studies, it is possible that the
same discrepancy would exist between estradiol values when the same methodologies are
applied.
Physiological Concerns Regarding the Assessment of Estradiol in Hair
In addition to methodological concerns regarding the quantification of estradiol in hair,
there are physiological variables which further confound the interpretation of estradiol values.
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Perhaps of principle concern is the fact that the physiology of the hair follicle and the synthesis
of steroid hormones, particularly estradiol, is still poorly understood (Paus et al., 2014; Wehner
and Schwiekert, 2014). While the role of the hair follicle in cyclical patterns of hair growth is
widely known, the role of the hair follicle as a neuroendocrine organ is only just beginning to be
explored (Paus et al., 2014). According to Paus et al. (2014), primitive integumentary structures
predate the development of complex central nervous systems in mammalian species. The hair
follicle, the authors suggest, may retain ancestral neuroendocrine integumentary functions. The
authors argue that hair follicles may function as a peripheral equivalent to the hypothalamicpituitary-adrenal (HPA) axis because of their ability to regulate the expression and reception of
neruopeptides, neurohormones, and nerotrophins in response to internal and external stressors.
In 2014, Wehner and Schweikert affirmed that the hair follicle is an important area for
hormone synthesis, particularly for estrogens. The authors discovered that anagen-phase hair
roots are active sites for the synthesis of estrone sulfate into estrone and estradiol. In fact, the
authors note that this synthesis yields “substantial” (p. 1396) amounts of the estrogens, with 97%
of these being estrone, and 2-3% estradiol. This synthesis was observed in the hair roots of adult
males and females. Estrogen formation was higher in females than in males under the age of
fifty; however, estrogen formation was much higher in males than in females in individuals over
the age of fifty. The results of this study indicate that there is substantial variability in the
amounts of estradiol that can be found in human hair, and it is possible that the ratio of hair
estradiol to serum estradiol of 41.2% (Yang et al., 1998) calculated from a population of
premenopausal women may not be accurate when applied to males and to females over the age
of fifty. If this is true, then the equation used to predict “expected” ranges of estradiol in hair
used in this thesis (Equation 1) may not be appropriate to yield accurate predictions of
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appropriate ranges for hair estradiol for these populations. In any event, given the results of the
study by Wehner and Schweikert (2014), it would be prudent to conduct additional research to
determine whether hair samples contain higher levels of estradiol than serum or saliva. If so,
reference values would need to be established and validated before they could be applied
successfully.
Estradiol Values in the Modern Population
Estradiol values observed in the modern sample were higher than expected. Values for
females (M = 68.04 ± 8.69 pg/g) far exceeded reference values for postmenopausal women (M =
4.12 pg/g); similarly, values for males (M = 27.74 ± 4.73 pg/g) exceeded expected results (M =
4.12 - 16.48 pg/g) calculated (Equation 1) from reference values for serum provided by Mayo
Clinic Medical Laboratories (Table 4). These results are disappointing, but not entirely
unexpected. As discussed above, the anticipated reference values used in the present research
may not be accurate. Also, it is important to note that estradiol is known to be a difficult
hormone to quantify in serum due to a lack of sensitivity in immunoassay configurations (Lee et
al., 2006; Handelsman et al., 2014; Mayo Clinic Medical Laboratories); thus, it may be equally
difficult to assess in hair. Finally, it is also important to consider that exogenous sources of
estradiol, common in a number of medical treatments, can increase the amounts of the hormone
circulating in the bloodstream. These two concerns will be discussed below.
Clinical studies have demonstrated that estradiol values are frequently over-estimated in
serum immunoassay results in males and in postmenopausal women (Lee et al., 2006;
Handelsman et al., 2014; Mayo Clinic Medical Laboratories). According to Lee et al. (2006),
these immunoassays were originally developed for use in detecting higher values of estradiol in
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premenopausal women; most immunoassays lack standardization when applied to populations
with low (<30 pg/mL) levels of estradiol. A clinical study comparing direct estradiol
immunoassay results for serum estradiol concentrations in males yielded positive biases between
6% and 74% when compared to the results of a mass spectrometry (LC-MS) reference method.
The authors attributed the bias to steroid cross-reactivity and matrix interference in direct
immunoassays (Handelsman et al., 2014). A similar study by Lee et al. (2006) attempted to
compare estradiol values resulting from a direct immunoassay with those from an indirect,
extraction based immunoassay, and ultimately, results from a mass spectrometry (GC-MS/MS)
reference method. The team’s results determined that indirect, extraction based immunoassays
are somewhat less biased than direct immunoassays (demonstrating positive biases of 14% and
68%, respectively); however, both methods were less accurate and reliable than mass
spectrometry. Despite the problems with the assays, the authors suggested that indirect,
extraction based immunoassays should be used, with caution, over direct assays if mass
spectrometry is cost-prohibitive for research.
Additional variables may also contribute to falsely-elevated results in estradiol
immunoassays. For example, a number of medical treatments can interfere with the results of
immunoassays. The Mayo Clinic Medical Laboratories caution that immunoassays are prone to
cross-reactivity with certain anti-animal antibodies which may be present within the sample
population. These antibodies can be developed when an individual receives certain vaccinations,
or when they are treated with animal-derived pharmaceuticals, such as immunotherapies and
immunoglobulins. Immunotherapies are often used to treat cancers (“What is Cancer
Immunotherapy”), while immunoglobulins are widely used in the treatments of disorders and
conditions within the clinical specialties of neurology, hematology, immunology, nephrology,
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rheumatology and dermatology (Jolles et al., 2005). It is estimated that up to 80% of the general
population have these antibodies in their bloodstream (Kricka, 1999). The modern sample in this
research does not reflect a normal, healthy population of men and postmenopausal women;
instead, hair samples reflect the final months of life in an elderly population. While the precise
medical history of these individuals is unknown, it is possible, perhaps likely, that some
individuals within the sample were receiving routine medical care for acute or chronic illnesses;
these treatment regimens could have included immunoglobulins or immunotherapies which
could have affected the results of the ELISA assessments.
Estradiol Values in the Archaeological Sample
Overall, the observed estradiol values in the archaeological sample were higher than
anticipated. For the purposes of this study, the females in the archaeological sample were
separated into two groups: pre-menopausal and postmenopausal. Preliminarily, females who
were determined to be younger than 50 years in age were grouped as “premenopausal” while
females who were determined to be older than 50 years in age were evaluated in a case-by-case
basis to determine whether hormone values were similar to clinical reference ranges for
premenopausal or postmenopausal females. In the archaeological sample, only one female
(K280) was determined to be postmenopausal. Values for premenopausal females (M=153.96 ±
74.63 pg/g) were only slightly higher than expected (6.8 - 144.2 pg/g) when the is applied
(Equation 1) (Table 4). Values for the postmenopausal female (M= 45 ± 5.57 pg/g) far exceeded
expected reference values (4.12 pg/g) when reference values were calculated using Equation 1.
Similarly, values for males (M=48.38 ± 11.53 pg/g) exceeded expected reference value ranges
(4.12 - 16.48 pg/g) by a substantial amount (Table 4). Similar to the results for the modern
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population in the previous section, several variables could contribute to the elevated estradiol
values within this sample. Again, it is possible that the reference values calculated from Yang et
al. (1998) may not be accurate or applicable to the present study, and immunoassay specificity
may also play a role in the elevated values detected in this sample. Additionally, although the
present sample did not receive the modern medical interventions that the modern sample was
likely exposed to, it is likely that individuals in this sample were consuming large amounts of
plants and foods that were high in plant-derived phytoestrogens, which have a similar chemical
structure to estradiol. While it is currently not known whether a diet high in phytoestrogens can
affect estradiol values in the body (specifically, in hair), it is a query worthy of investigation.
Finally, clinical studies have demonstrated that the primary mechanism for the formation of
estrogens in postmenopausal females and in males is through the aromatization of steroids in
adipose and epidermal tissues, and the conversion of androgens into estrogens is correlated with
excess body weight (Nelson and Serdar, 2001). Unfortunately, information relating to body
weight and adipose tissue distribution is not available for the archaeological sample, so while
this variable cannot be ruled out, the effects of the aforementioned variables, immunoassay
configuration and sensitivity and phytoestrogen consumption, will be explored further below.
As discussed in the previous section, clinical immunoassay results have been prone to
yielding inflated estradiol values as the result of a lack of standardization in configurations for
populations with low (<30 pg/mL) levels of estradiol (Lee et al., 2006). Falsely elevated results
can also occur due to low specificity, steroid cross-reactivity and matrix interference within the
immunoassay (Handelsman et al., 2014). All males and the postmenopausal female in this
sample (K280) would be susceptible to specification errors because of their low levels of
circulating estradiol levels in life. This lack of specificity in immunoassays is difficult to
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overcome at the present time; however, in the future, better immunoassay kits may become
available that will allow for more accurate predictions in populations.
Aside from potential errors that can result from assay configurations, there are potential
physiological variables that could result in elevated estradiol values in immunoassay results.
Unlike the modern sample, individuals in the archaeological sample are not at risk for yielding
positively biased results due to the consumption of exogenous estradiol from modern medical
interventions, such as treatments with animal-derived pharmaceuticals or clinical regimens
involving immunotherapy or immunoglobulins (Mayo Medical Laboratories; American Cancer
Society); however, there are a number of ancient herbal remedies, treatments, and food sources
that are known to affect estrogen levels in those who consume them.
Phytoestrogens are naturally occurring estrogen-like chemicals found in plants such as
whole grains, edible seeds, vegetables, nuts, soy foods, and certain herbs (Koch, 2017).
Structurally, phytoestrogens are similar to endogenously produced estrogens within the body
(Figure 24). When consumed, phytoestrogens are hydrolyzed and processed into aglycone forms
which can either weakly bind to estrogen-beta receptors throughout the body, or produce
hormone-modulating effects, such as inhibiting the transformation of estrone into estradiol or
inhibiting enzymes necessary for steroid biosynthesis. In addition, phytoestrogens may also
affect antioxidant and anti-angiogenesis activities throughout the body (Center for Disease
Control and Prevention).
Physicians and clinical researchers have recognized phytoestrogens for their hormonemodulating effects for over a century, but archaeological and historical records suggest that the
effects of plants containing phytoestrogens, particularly effects on fertility, were recognized and
cultivated in antiquity (Riddle, 1991; Riddle and Estes 1992; Adlercreutz et al., 1993; Murkies et
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al., 1998). It has been demonstrated (Adlercreutz et al., 1993; Kuiper et al., 1998; Murkies et al.,
1998) that phytoestrogens have both estrogenic and antiestrogenic effects in humans. For
example, according to Murkies et al. (1998), premenopausal women who regularly consume
foods rich in phytoestrogens experience alterations in the duration of the follicular and luteal
phases of the menstrual cycle, and postmenopausal women whose diets are high in
phytoestrogens have been demonstrated to exhibit estrogen-like effects on vaginal cytology and
reductions in hot flashes. In animals, studies have confirmed that phytoestrogen consumption can
produce adverse effects on fertility (CDC Biomonitoring Summary). Phytoestrogens are not
presently regulated by the US Food and Drug Administration (FDA), but are commercially
available in pill and capsule forms as food supplements in the United States. Western medicine
does not endorse the use of phytoestrogens as a dietary supplement, research suggests that
phytoestrogens are effective in preventing estrogen-dependent cancers, including prostate, breast
and uterine cancers (Adlercreutz et al., 1993; Kunisue et al., 2010; Koch, 2017).
The hormone-modulating effects of phytoestrogens can be observed in both those who
regularly consume diets which are rich in phytoestrogens, and in individuals who supplement
their diet with plant-based medicines and supplements (Murkies et al., 1998; Koch 2017). Over
three hundred foods contain phytoestrogens (Koch 2017). These foods are categorized into three
classifications: 1) isoflavones, which include legumes, lentils, and soybeans; 2) lignans, which
include whole grains, cereals, oats, and seeds; and 3) comustans, which include hops-derived
beers (Murkies et al., 1998). The diet of the individuals in the archaeological sample in the
present study has been studied extensively; historical, archaeological, and isotopic data from the
Kellis 2 cemetery indicate that these individuals consumed a diet which is high in phytoestrogens
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(Table 6) (Dupras, 1999). Plants which are known to high in phytoestrogens and which were of
particular importance to Kellis will be discussed below.
Wheat and barley are high in lignan phytoestrogens, and both were staple food crops in
the Dakhleh Oasis, and in Kellis, specifically (Dupras, 1999; Smeds et al., 2007) (Table 6).
Wheat was ground and made into flour, breads, cereals, and porridges. According to Dupras
(1999), wheat was one of the most important crops in Egypt, and it was particularly important in
the Dakhleh Oasis during the Ptolemaic and Roman periods. It was a staple in the diet of those
who lived in Kellis, and it was also a valued export. According to research by Smeds et al.
(2007), wheat and barley contain extremely high levels of phytoestrogens. Wheat bran contains
approximately 5,757µ/100g total lignans, and barley bran contains approximately 969 µ/100g
total lignans. As dietary staples, wheat and barley would have contributed a high level of
phytoestrogens into the diets of those in the Kellis settlement.
Dates were also an important food source in Kellis, both for consumption and export
(Dupras, 1999). According to research by Thompson et al., (2006) dried dates contain a
particularly high level of phytoestrogens (329.5 µ/100 g) (Table 6). For reference purposes, dried
dates have been shown to contain a level of total phytoestrogens 200 times greater than what is
found in other fruits, such as apples (4.9 µ/100 g), oranges (19.0 µ/100 g), blue berries (17.9
µ/100 g), and cranberries (34.9 µ/100 g) (Vayalil, 2011). In addition to dates, archaeological
records suggest that apricots were introduced to Kellis during the Ptolemaic/Roman period
(Dupras, 1999). Research has demonstrated that apricots are even higher in phytoestrogens than
dates, containing 444.5 µ/100 g total phytoestrogens (Thompson et al., 2006).
A diet high in phytoestrogens can affect the biochemistry of an individual, but it is
important to note that there are also several phytoestrogen-based medicinal supplements,
78

treatments, and remedies that can be taken to intentionally modulate the hormone response of the
body (Koch, 2017). Several such ancient herbal treatments and remedies high in phytoestrogens
are still used in modern-day traditional societies in Egypt as an alternative form of birth control.
Some of these treatments can be traced back to early Roman and ancient Egyptian civilizations,
some of which would have been contemporaneous with the archaeological sample in the present
research (Riddle, 1991; Riddle and Estes, 1992; Aboelsoud, 2010; Koch, 2017).
According to Aboelsoud (2010), Ancient Egyptians utilized a wide range of therapeutic
herbs and foods. Practitioners in medical and pharmaceutical professions were knowledgeable on
human anatomy, the physiology of organs, and medicine. Anthropological-historical studies on
modern-day traditional societies in Egypt reveal that women regulate their fertility through a
number of anti-fertility agents, including plant-derived treatments and remedies (Riddle, 1991;
Riddle and Estes 1992). According to Riddle (1991), the earliest known Egyptian medical
document, the Kahnun Papyrii, mentions plants which are intended for use as contraceptives and
abortifacients; he suggests that these types of treatments have been in use for centuries. Written
records from Soranus, a Greek physician and writer on gynecology in the first and second
centuries A.D. details oral prescriptions for contraceptives consisting of a species of ferula, also
known as “giant fennel” which grows on hillsides and stony slopes in semi-arid regions (Riddle,
1991; Riddle and Estes 1992). Soranus’s texts also detail the use of pomegranate (Punica
granatum L.) as an oral contraceptive and vaginal suppository. According to Riddle (1991),
pomegranate was also used as an abortifacient in ancient India and is still in use in modern
Indian folk medicine. Another plant, Rue (Ruta graveolens L.), has been recognized as a
contraceptive and abortifacient in Chinese, Latin American, and Indian cultures. Pliny the Elder
recorded the abortifacient properties of rue in “Natural History” during the first century A.D.,
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and Riddle (1991) explains that this knowledge was perpetuated in late Roman and early
Byzantine medical texts, even after Christianity became dominant.
Although there are numerous records of plant-derived contraceptives and abortifacients in
ancient texts, explicit written records detailing these prescriptions are difficult to find within
specific archaeological populations. Riddle (1991) suggests that the knowledge of these
treatments “belong to a female culture” (p. 27), and that in many cases, the knowledge was
passed between women through oral means of communication. Riddle (1991) argues that the
knowledge of these contraceptives was widespread among women, especially in cultures in
which birth control was deemed acceptable. Today, western medicine is skeptical about the
efficacy of these ancient forms of birth control. Riddle and Estes (1992) posit that some of these
treatments may have been effective simply because of their toxicity; however, he suggests that
more research needs to be conducted to fully understand the effect that these plants have on
human physiology.
While it is unclear how phytoestrogens precisely influence the hormonal balance of
individuals who consume them, it is known that they can act as estrogens within the body, and
that they can block the effects of estrogens at high levels (Koch, 2017). Based on the historicalanthropological research and anecdotal evidence provided by ancient Egyptian, Greek, and
Roman texts (Riddle, 1991; 1992; Dupras, 1999), it is known that individuals in the
archaeological sample within the present study were consuming a diet high in phytoestrogens,
and that some may have been consuming phytoestrogens as a dietary supplement intended as a
form of birth control. While additional research is necessary in order to make any explicit claims,
it cannot be ruled out that a diet high in phytoestrogens could be a variable contributing to the
higher-than-expected levels of estradiol identified in the archaeological sample in this study.
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Presently, it is not known whether phytoestrogens can be incorporated into hair via the
same mechanisms that hormones or other exogenous substances, but it is possible as
phytoestrogens are filtered throughout the bloodstream and can be subsequently measured in
bodily fluids such as urine (CDC Biomonitoring Summary). If phytoestrogens are present in hair,
it is unknown whether they would bind to receptors within the ELISA assay and give off a “false
positive” effect. Some phytoestrogens, such as coumestrol and genistein, have been
demonstrated to have estrogen-receptor binding affinities which are close to or exceed that of
endogenous estradiol (Kuiper et al., 1998), so this could be a likely cause for the elevated values
detected in the immunoassay results.
In regard to the elevated estradiol values detected in archaeological males,
phytoestrogens may play a role beyond immunoassay interference. Clinical researchers have
determined that there is a causal link between elevated maternal estrogen levels during
pregnancy with an increased risk for the development of testicular cancer in male offspring
(Henderson et al., 1988; Carlsen et al., 1995). Although the precise mechanisms are unknown,
Carlsen et al. (1995) suggest that maternal exposure to exogenous estrogens, specifically those
originating from chemical or dietary sources, could be a major contributing factor toward this
condition. It is interesting to note that the archaeological males in the present study exhibited
higher-than-expected estradiol values, as elevated estrogen levels in males have been associated
with Leydig-cell tumors, a type of testicular tumor (Shimp et al., 1977; Perez et al., 1980;
Watson 2017).
Leydig-cell tumors are relatively rare, occurring only in 1-3% of reported cases of
testicular cancer. In many instances, these tumors are benign; however, if the tumor is malignant,
life expectancy is estimated to be approximately two years (Watson, 2017). Whether benign or
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malignant, these tumors can have feminizing effects on adult males. One case study of a male
diagnosed with a Leydig-cell tumor reported serum estradiol values similar to those found in premenopausal females (Shimp et al., 1977). The literature presents conflicting results in regard to
testosterone ranges for those who are diagnosed with Leydig-cell tumors; some researchers
report suppressed testosterone production (Shimp et al., 1977), while others report an increase in
testosterone production (Watson, 2017). Testosterone values in the archaeological sample in the
present study fall within ranges reported as “normal” in clinical literature, but it is noteworthy
that clinical ranges (range= 2.39-24.64; Pereg et al. 2012) are large, and observed values for
archaeological males (M=21.14 ng/g ± 2.77 ng/g) fall in the upper limit of these ranges. At this
time, it is not possible to determine whether the males in the archaeological sample were affected
by testicular cancer or by Leydig-cell tumors, specifically. However, it is a hypothesis that could
warrant additional research.
Overall, it has been demonstrated that estradiol is well-preserved in the archaeological
sample. Estradiol values for males and postmenopausal females exceed “expected” reference
ranges; however, a number of variables which could contribute to this discrepancy were
discussed, including immunoassay configurations, phytoestrogen consumption, and health
conditions, such as testicular cancer. Unfortunately, validated reference values for hair estradiol
have not yet been established in clinical literature, and a lack of foundational research and a lack
of knowledge of antemortem health conditions for the archaeological sample confound
interpretations of results. Nonetheless, the present research, coupled with archaeological, literary,
and botanical evidence of phytoestrogen-rich foods present in the Dakhleh Oasis in 50-450 AD,
demonstrates the need for additional research into “normal” hair estradiol value ranges, and the
role that phytoestrogens can play in the physiology and health of those who consume them.
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Figure 24: The chemical structure of two common phytoestrogens (isoflavones and coumestans) compared to
biogenic estradiol, found in humans. Note how similar the structure is between plant-based and animal-based
estrogens. Wikimedia Commons/Public Domain.

Table 6: Foods high in phytoestrogens in the Dakhleh Oasis, Egypt during the Ptolemic and Roman Periods.

Food Sourcea
Sesame Seeds
Dried Apricots
Dried Dates
Olives
Olive Oil
Garlic
Red Wine
Almonds
Hazelnuts
Pistachios
Walnuts
Wheat Bran
Barley Bran
Pomegranate *

Total Phytoestrogen Content
(µ/100 g)b,c
8008.1
444.5
329.9
39.5
180.7
603.6
53.9
131.1
107.5
382.5
139.5
5,757 (total lignans)c
969 (total lignans)c
-

a

Dupras (1999). b Thompson et al. (2006). c Smeds et al. (2007).
* Total phytoestrogen content unavailable

83

Evidence of Presence in
Dakhleh Oasis, Egypta
Archaeological; literary/botanical
Archaeological; botanical
Archaeological; literary/botanical
Archaeological; literary/botanical
Archaeological; literary
Archaeological; literary/botanical
Archaeological; botanical/literary
Archaeological/botanical
Archaeological/botanical
Archaeological/botanical
Archaeological/botanical
Archaeological; botanical/literary
Archaeological; botanical/literary
Archaeological; botanical/literary

Comparing Estradiol Values Between Samples
Although there was no significant difference between mean estradiol values between the
modern and archaeological samples (Figure 15), an increased amount of variability in value
distributions and value “peaks” was observed between premenopausal archaeological females
and the other groups within the present study. This discrepancy is largely due to the differences
in sex and age between the individuals sampled. The modern sample, as mentioned in the
previous section, represents postmenopausal females between the ages of 55 and 97 and elderly
males between the ages of 69 and 99 (Table 1). The archaeological sample is composed of both
premenopausal women and postmenopausal women between the ages of 23 and 60, and men
between the ages of 19 and 45 (Table 2).
Estradiol values tend to stay rather constant in males and in postmenopausal women. In
premenopausal women, estradiol values rise and fall according to the menstrual cycle; for
example, The May Medical Laboratories at the Mayo Clinic explain that estradiol values are
lowest post-menses (approximately 15 pg/mL). During the follicular phase and leading up to
preovulatory peak, estradiol can peak (approximately 300+ pg/mL). Values fall in the luteal
phase, and menses occur when estradiol falls (approximately 50 to 100 pg/mL). Because hair
offers a cumulative record of hormone secretion within a one-month period, estradiol values
should reflect “peaks” that have occurred. This hypothesis is at odds with the results presented
by Yang et al. (1998), who observed that hair estradiol values in premenopausal women fell
between 40.8 – 48.0 ± 18.4 pg/g. However, it may be supported by the results observed in the
premenopausal females in the present study.
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Overall, the results of the present study seem to indicate that estradiol can be identified in
the hair of males and females (both premenopausal and postmenopausal), and that estradiol can
be preserved in hair that is over 1,000 years old. Because estradiol values exceeded expected
ranges in both samples, it is likely that the calculated reference ranges used in the present study
(equation 1) were not accurate. Nonetheless, the results of the present study suggest that estradiol
values can provide invaluable insight into the health and lifestyles of ancient populations;
however, results must be interpreted with caution until subsequent studies can be completed
which can establish more accurate reference values.
Testosterone
In this section, the results for testosterone will be discussed. First, reference values for
hair testosterone will be provided to allow for accurate interpretations throughout the discussion.
Next, results for the modern and archaeological samples will be discussed separately. Finally, a
comparison between the modern and archaeological sample will be provided.
Reference Values for Hair Testosterone
Unlike estradiol, multiple studies have been completed on hair testosterone. In addition,
published reference values all present similar values and ranges. As a result, multiple reference
values are available to make comparisons to (Yang et al., 1998; Mornay et al., 2001; Pereg et al.,
2013). For example, a study by Mornay et al. (2001) utilized radioimmunoassay and determined
that testosterone values in children range from 0.6 - 2.7 pg/mg, values in adult females range
from 1.8-6.4 pg/mg, and values in adult males range from 3.6-23.3 pg/mg. The unit of
measurement in the study by Mornay et al. (2001): pg/mg, is equitable to the unit of
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measurement utilized in the present study: ng/g. An additional study by Pereg et al. (2013)
established a mean hair testosterone value of 5.17 ng/g with a range of 22.25 ng/g (2.39-24.64
ng/g) in a sample of 38 adult males assessed through an ELISA kit built for the analysis of
salivary testosterone. The study by Pereg et al. (2013) did not evaluate hair testosterone in
females or children.
Finally, Yang et al. (1998), evaluated testosterone in the hair of 25 adult males and
determined that testosterone values in hair were 5.88 ng/g. It is not clear whether this is a mean
or median score, and no standard deviation was presented. Although this value is on the lower
end of the range of values presented by Mornay et al. (2001) and Pereg et al. (2013), it still falls
within the ranges published in these studies.
To date, there are no studies of hair testosterone in archaeological populations; however,
in an effort to make interpretations, reference ranges presented in clinical literature will be used
to make comparisons within the discussion. The results for the modern and archaeological
samples in the present study will be discussed below.

Table 7: Expected and observed values for hair testosterone in the Modern Sample.

Sex
Male

Reference

Age

Yang et al. (1998)

20-45

5.88 ng/ml

Mornay et al. (2001)

18-50

3.6-23.3 pg/mg

Pereg et al. (2013)

18+

2.39-24.64 ng/g

23-54

1.8-6.4 pg/mg

Female Mornay et al. (2001)

Reported Values
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Observed Values (Modern)
13.56 ng/g ± 5.32 ng/g

5.23 ng/g ± 1.28 ng/g

Table 8: Expected and observed values for hair testosterone in the Archaeological Sample.

Sex
Male

Female

Reference

Age

Reported Values

Yang et al. (1998)

20-45

5.88 ng/ml

Mornay et al. (2001)

18-50

3.6-23.3 pg/mg

Pereg et al. (2013)

18+

2.39-24.64 ng/g

Mornay et al. (2001)

23-54

1.8-6.4 pg/mg

Observed Values
(Archaeological)
21.14 ng/g ± 2.77 ng/g

7.57 ng/g ± 3.26 ng/g

Testosterone Values in the Modern Sample
Hair testosterone values in the modern sample were remarkably similar to those reported
in clinical literature, with values for males (13.56 ng/g ± 5.32 ng/g) and females (5.23 ng/g ±
1.28 ng/g) falling neatly within reference ranges for males and females (Table 7). Values in
males were significantly higher than those in females; this was expected as testosterone is
primarily associated with male sex characteristics (Garcia et al., 2015).
It should be noted that the modern population in the present study represents a different
demographic than what is presented in the reference population; for example, males in the
modern sample of the present study range in age between 75-91 years, and females range in age
from 55-97 years, while the reference populations used for this study consist of younger adult
males over the age of 18 and younger adult females between the ages of 23-54 (Table 7). It is
known that testosterone values decline with age in both males and females (Wolf and
Kirschbaum, 2001); however, observed values in the present value fall among mid-range (males)
and high-range values in the reference populations (Mornay et al., 2001; Pereg et al., 2013).
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There are a few potential variables that could contribute to the higher values of
testosterone exhibited in the present sample. First, there can be a high level of intra-variability in
testosterone values between individuals, so minor discrepancies between different reference
populations is not unusual; especially when values ultimately still fall within normal ranges
(Upendram et al., 2010). Next, it is reasonable to consider that individuals within the present
study may have been receiving testosterone replacement treatments of some sort during the final
months of their life. Low testosterone levels in the elderly are associated with muscle weakness
and frailty, and elderly men who have been treated with testosterone replacement therapy have
reported improvements in strength and general well-being (Upendram et al., 2010).
Unfortunately, the medical histories of the individuals in the modern sample are unavailable for
the present research as the bodies were donated through a willed-body donation program.
Despite the observed values being slightly higher than expected, results appear to indicate
that the modern sample exhibited good hair and hormone preservation and testosterone values
seem to be accurate representations of what would be observed in life.
Testosterone Values in the Archaeological Sample
Hair testosterone was successfully identified in each of the individuals within the
archaeological sample, and observed testosterone values for archaeological males (M=21.14 ng/g
± 2.77 ng/g) fell within ranges of those reported in clinical research of modern populations (2.3924.64 ng/g); however, testosterone values were higher in archaeological females (M=7.57 ng/g ±
3.26 ng/g) than reported for modern females (1.8-6.4 pg/mg) (Table 8).
In regard to males, hair testosterone values appear to be stable between reference samples
(Yang et al., 1998; Mornay et al., 2001; Pereg et al., 2013) and the archaeological sample. This
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suggests two things: 1) testosterone values are constant in males between different populations
and time periods; and 2) testosterone does not degrade in hair through time. As a result, it is
reasonable to suggest that bioarchaeologists can use hair as an additional line of inquiry into the
physiology and health of ancient populations.
Regarding females, testosterone values were higher than those presented in clinical
studies (Table 8). Although the discrepancy is slight, it is still important to evaluate the variables
that could contribute to the observed elevation in values. First, it is important to note that the
testosterone values presented in this research are presented as a mean (M) value. If evaluated
individually, only two individuals (K131 and K459) yield values higher than the reference
population (Table 9). Additionally, it is important to note that this reference population is based
on a single sample of only nine women (Mornay et al., 2001), so variation is not entirely
unexpected.
In regard to variability in testosterone values, it is important to note that testosterone
values can double during pregnancy (O’Leary et al., 1991). Although it is not known whether
any of the females within the present study were pregnant at the time of death, it is known that
the women were of reproductive ages: 23, and 27, respectively. Individual case studies of K131
and K318 will be presented in the next section, along of an assessment of whether the
testosterone values associated with these individuals could be the result of pregnancy.
Overall, results support that hair testosterone can be a valuable bioresource for
bioarchaeologists. In addition to being associated with osteoporosis, a loss of lean body mass and
muscle strength, and the deterioration of mental health, low testosterone values in males is
associated with impaired fertility (Heaton, 2003; Dean et al., 2016). Conversely, high
testosterone values in females can be associated with pregnancy (O’Leary et al., 1991). With
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additional research, it is plausible that hair testosterone values could add valuable information to
demographic archaeological studies seeking to understand archaeological fertility and population
growth which currently rely on assessments of skeletal remains, burials, and ethnohistorical data
(Hassan, 1981).
Table 9: Individual mean hair testosterone values for archaeological females

ID
K131
K275
K280
K318
K459
a

Reference Valuesa
1.8-6.4 pg/mg

Mean Hair Testosterone Value
10.68 ± 1.0 ng/g
5.81 ± .16 ng/g
3.37 ± .18 ng/g
11.01 ± .71 ng/g
6.97 ± 0.08 ng/g

Mornay et al. (2001)

Comparing Testosterone Values Between the Archaeological and Modern Samples
There was no significant difference in testosterone values between the modern and
archaeological samples; however, the archaeological sample a larger range and higher overall
values than the modern sample (Figure 23). This difference in values is attributed to the age
difference between the two samples; the modern sample consists of males between the ages of
69 and 99 and females between the ages of 55 and 97 (Table 1), while the archaeological sample
consists of males between the ages of 19 and 45 and females between the ages of 23 and 60
(Table 2). Testosterone values are known to be higher in younger individuals than in older
individuals (Wolf and Kirschbaum, 2001), and thus these results are expected.
Archaeological Case Studies
In this section, select individuals (K131, K318, and K275) are evaluated holistically
based on the cortisol, estradiol, and testosterone values observed in their hair. These individuals
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were selected because of unique patterning of the hormones that was observed in the months
leading up to their deaths. K131 and K318 exhibit similar patterning for estradiol and
testosterone, and will be discussed as a joint case study. Individual K275 will be discussed
separately.
K131 and K318: Hair Hormones and Potential Pregnancies in the Kellis 2 Cemetery
K131 and K318 are two adult females, aged 23 and 27 years, respectively (Table 2). Both
individuals yield higher levels of estradiol and testosterone than other females in the
archaeological sample. Gradual increases in these reproductive hormones through time suggest
that these women may have been pregnant at the time of death, or directly leading up to the time
of death. Hormone profiles for each individual will be presented in this section, along with
interpretations. Although patterning of the hormones estradiol and testosterone are consistent
with patterns expected during pregnancy, estradiol values are lower than expected in a typical,
“healthy” pregnancy. Because hair samples for these two individuals represent the time directly
preceding death, it is plausible that pregnancies would not reflect “healthy” norms observed in
clinical populations. As a result, two differential diagnoses are explored that could contribute to
low estradiol values during pregnancy in these two individuals.
K131
K131 is a female adult at approximately 23 years of age (Table 2). Eight centimeters of
well-preserved hair was available for this individual, which represents approximately eight
months of growth leading up to the time of death (Figure 25). Hair cortisol values for this
individual fall within values presented by Webb et al. (2010) for archaeological populations
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(Table 3). Cortisol values fluctuate through time, indicating that this individual experienced a
variable amount of stress in the eight months of time represented by the hair sample. Initially,
cortisol values begin high (310 ng/g) in hair segment 8, and gradually declines in hair segments 7
and 6. Then, in hair segment 5, hair cortisol begins to increase again and continues to rise until
the time of death.
Hair estradiol values were higher in K131 than in any other individual in the present
study (Figure 14). It is interesting to note that in hair segment 8, hair estradiol values are 140
pg/g. This value falls within modern reference ranges calculated for premenopausal women (6.8
– 144.2 pg/g) (Table 3). Through time, estradiol values incrementally increase and ultimately
double across hair segments 7, 6, 5, 4, 3, and 2 – a time period of approximately six months
Similar to estradiol values, testosterone values for K131 were higher than in any other
female individual within the study (Figure 21). Similar to what is observed for estradiol,
testosterone values are lowest in hair segment 8, but incrementally increase across segments 7, 6,
5, 4, 3, 2, and 1. All observed testosterone values exceed clinical reference values for
premenopausal females (1.8-6.4 pg/mg) (Table 8).
K318
K318 is an adult female at approximately 27 years of age (Table 2). Six centimeters of
well-preserved hair was available for this individual, which represents approximately six months
of growth leading up to the time of death. Hair cortisol values for this individual fall within
reference ranges provided by Webb et al. (2010) (Figure 26) (Table 3). Cortisol values begin low
(181 ng/g) in segment 6, but gradually increases to a peak of 389 ng/g in segment 2. This
indicates that K318 was experiencing increased stress over this period of time. A decline from
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389 ng/g to 326 ng/g is observed in segment 1, indicating a slight alleviation of perceived stress
in the final month leading up to death.
Hair estradiol values for K318 are the second highest out of all individuals within the
present study (Figure 14). Estradiol values fall within reference values calculated for modern
premenopausal women in the most distal hair segment (6.8 – 144.2 pg/g); however, between
segments 6 and 1, estradiol values incrementally increase, and ultimately double, during this
time. Testosterone values for K318 are the second highest out of all female individuals within the
present study (Figure 21). Values begin high in segment 6 and steadily increase through time
until the time of death. This individual’s testosterone values are much higher than reference
values provided for premenopausal women (1.8-6.4 pg/mg) throughout the entire hair sample.
Interpretations of Hormone Profiles for K131 and K318
Evaluated holistically, the patterning of hormone values for individuals K131 and K318
are unique when compared to other individuals in the present study. Of particular interest is the
incremental and substantial increase of the steroid reproductive hormones estradiol and
testosterone in both individuals. Given that these females were of reproductive age and that both
exhibit gradual and significant increases in reproductive hormones over the course of eight and
six months (respectively), it is likely that these individuals were pregnant in the months leading
up to their deaths.
The female body undergoes dramatic changes during pregnancy. These changes are
stimulated and maintained largely by reproductive hormones. According to O’Leary et al.
(1991), serum estradiol values increase substantially over the course of a pregnancy. In a normal,
healthy pregnancy, estradiol values increase approximately 600% between the first and second
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trimesters. By the end of the gestational period, estradiol values can be as much as 3,000%
higher than pre-pregnancy values. In non-pregnant women, estrogens are produced by the
ovaries, but in pregnant women the growing placenta stimulates a surge in the production and
synthesis of estrogens (Mango et al., 1978). Testosterone values are typically low in females, but
during pregnancy testosterone values gradually increase over 73% overall between the fifth week
of gestation and the end of the gestational term (O’Leary et al., 1991).
In addition to surges in reproductive steroid hormones, secretions in the glucocorticoid
steroid hormone cortisol increase throughout pregnancy. According to Mastorakos and Ilias
(2003), maternal cortisol values can be expected to rise two to three times higher than prepregnancy levels by the end of the third trimester. During the postpartum period, cortisol values
gradually decline toward a pre-pregnancy dynamic state. The regulation of cortisol within the
body is highly variable and dependent on each individual’s experience with physical and
psychosocial stress. For the purposes of this study, it is assumed that all individuals are under
heightened physical and psychosocial stress – not just individuals who may be pregnant. This
assumption is based on cortisol analyses of archaeological populations (Webb et al., 2010; 2015)
which demonstrated that cortisol values were generally higher in archaeological populations than
modern controls. Hair samples taken from archaeological specimens will reflect the months
directly leading up to the time of death for an individual – a time that is often associated with
heightened physical and psychological stress, and in conjunction, heightened secretions of
cortisol as a stress response. As a result, cortisol should not be used in isolation as evidence
toward whether an individual was pregnant; it should only be evaluated in conjunction with other
evidence of pregnancy, such as estradiol or testosterone values.
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In K131, cortisol values begin high, which indicate that the individual was experiencing
heightened physical or psychological stress at least eight months before her death. Cortisol
values decline gradually seven to six months before death, but then increase again steadily. This
patterning in cortisol values is in contrast to the straightforward, steady increase in cortisol
values that would be expected during a healthy pregnancy (Mastorakos and Ilias, 2003).
However, the represented timeframe is, again, reflecting the last eight months of this individual’s
life. Initial cortisol values in segment 8 (310 ng/g) fall within reference values presented by
Webb et al. (2010) for archaeological samples, but still far exceeds reference values for a
modern, healthy population of women between the ages of 20-51 presented by Thomson et al.
(2010). Due to the variable nature of cortisol and the unknown physical and psychological status
of this individual, specific conclusions relating to cortisol production cannot be made at this
time.
Cortisol values for K318 begin low in segment six, and gradually rise to a peak in
segment 2 – then levels decrease in the month directly preceding death (Figure 26). Unlike
K131, cortisol production in K318 do reflect an increase in cortisol values similar to those that
would be expected in a pregnant woman – values gradually increase eventually double over a
five-month period (Mastorakos and Ilias, 2003). Distal values in segment 6 begin at 181 ng/g, a
value that is higher than a reference population of healthy Caucasian women between the ages of
20-15 years (Thompson et al., 2010), however, only six centimeters of hair is available – this
only represents approximately six months of growth. A typical gestational period in a woman is
40 weeks, or approximately 10 months (Mastorakos and Ilias, 2003). If this individual was
pregnant, this hair sample could represent the beginning, middle, or end of the gestational term.
A decline in cortisol values from 389 ng/g to 326 ng/g between segment 6 and segment 5 could
95

represent a number of events. First, it could correspond with the birth of a baby (segment 5) and
a postpartum decline in cortisol values (segment 6) (Figure 26). However, estradiol values for
K318 continue to increase between segment 5 and segment 6, where estrogen values should
gradually decrease in the months precluding childbirth (Williams et al., 2011). This seems to
suggest that the decline cortisol is not associated with the conclusion of a pregnancy, but could
be indicative of a slight alleviation of stress in the month directly preceding death. As discussed
above for K131, cortisol values in archaeological samples are difficult to interpret, especially
when several variables are juxtaposed. Cortisol values tend to increase in those who are
chronically ill or stressed; similarly, cortisol values are expected to increase during pregnancy.
As the present study only evaluates the last six months of K318’s life, it is likely that physical
and psychological stressors are affecting this individual’s stasis and cortisol production. Based
on reproductive hormone levels, it would also appear as though pregnancy could also be
influencing cortisol values. Due to a lack of antemortem data on K318, however, no conclusive
decisions can be made regarding cortisol values.
Overall, patterning of the reproductive hormones estradiol and testosterone in individuals
K131 and K318 seem to reflect patterning that would be expected during pregnancy. In both
individuals, estradiol and testosterone are higher than expected, and both hormones demonstrate
gradual increases over the course of several months – a timeframe that fits within portions of a
normal gestational period. Additionally, estradiol values are higher in K131 and K318 than in
any other individual in the present study. Estradiol, a female reproductive hormone, is known to
increase with pregnancy. For example, O’Leary et al. (1991) express that a five-fold increase in
estradiol values is expected between weeks 6 and 16 of gestation, with an additional two-fold
increase again between weeks 26 and 40. Estradiol values in K131 and K318 essentially double
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in the timeframe represented by their hair samples, but do not increase in accordance with
numbers presented in clinical literature. Low estrogen values are not common during pregnancy,
but can occur. At this juncture, it is necessary to consider that clinical reference values generally
reflect “normal” pregnancies in healthy individuals, while archaeological samples represent
individuals who have died – thus they may not represent a “normal” or “healthy” pregnancy. As
a result, it is necessary to evaluate conditions that may cause low estrogen levels during
pregnancy for the individuals in the present study. Interestingly, there are two unique conditions
which can lead to low estrogen levels during pregnancy that also have correlations to a diet high
in phytoestrogens and to previously discovered congenital conditions identified in individuals in
the Kellis 2 cemetery. Both will be discussed below.
Explorations in Estrogen Deficiencies During Pregnancy in the Kellis 2 Cemetery
Low estrogen values during pregnancy have been attributed to both non-threatening and
fatal maternal and fetal complications (Mango et al., 1978). For the present research, two
differential diagnoses will be discussed: 1) placental enzymatic deficiency; and 2) pregnancy
with a fetus with anencephaly (Figure 27).
One cause of low estrogen during pregnancy is placental enzymatic deficiency – a
condition in which there is an absence or inhibition of one or more of the enzymes that convert
fetal steroids into estrogens (Mango et al., 1978). It is interesting to note that circulating
phytoestrogens within the body can inhibit enzymes which are important for biosynthesis of
steroids, and as discussed in previous chapters, the diet in Kellis, Egypt was particularly high in
phytoestrogens (Center for Disease Control and Prevention) (Table 6). While placental
enzymatic deficiency is considered “abnormal”, it is not associated with abnormal fetal growth
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or development (Mango et al., 1978; France et al., 1973). The deficiency is, however, associated
with complications during delivery. Although some women who suffer from placental enzymatic
deficiency go on to have “normal” vaginal births, the condition is associated with a failure of the
preparation of the mother’s body for delivery. According to France et al. (1973), high estrogen
levels during pregnancy stimulate the preparation of the cervix for parturition. The authors note a
case in which labor failed to induce in a woman suffering from placental enzymatic deficiency
and low estrogen levels; the cervix was described as “unripe” and equivocal to that of a nonpregnant woman. Even after stimulation with oxytocin, the cervix did not efface or dilate and a
caesarian section was necessary for delivery of the baby. A failure to induce labor could certainly
cause maternal and fetal distress in an archaeological population without access to a caesarian
delivery, and could be offered as a hypothesis for the cause of death.
Another potential cause for low estrogens during pregnancy is the presence of
anencephaly in a developing fetus (MacDonald and Siiteri, 1965; Mango et al., 1968; Tulchinsky
et al., 1977). Anencephaly is a congenital neural tube defect in which the anterior or cranial end
of the neurophore fails to close during development. Anencephaly manifests morphologically as
a lack of cranial vault bones and an underdeveloped or absent brain (Mathews, 2008). Estradiol
values have been reported to be 10 times lower in women who are pregnant with anencephalic
fetuses than women with a healthy pregnancy (MacDonald and Siiteri, 1965). The authors
hypothesized that fetal adrenal regulation is responsible for stimulating placental estradiol
production and estrogen synthesis during pregnancy. Anencephalic fetuses would not have the
physiological capability to modulate adrenal responses, resulting in a lack of estradiol being
produced by the placenta during pregnancy.
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Previous cases of anencephaly and other neural tube defects have been identified in fetal
remains recovered from burials in the Kellis 2 cemetery (Cope, 2006; Mathews, 2008).
Researchers have hypothesized that these defects could either share an underlying genetic
component, or they may be the result of contaminants such as tetracycline in the maternal diet.
According to Cope (2008), cultural burial practices in the Dakhleh Oasis, Egypt included
burying dead according to family lines, and research demonstrated that multiple infants with
neural tube defects were buried within close proximity to one another within the Kellis 2
cemetery. Cope (2008) hypothesized that an underlying genetic predisposition for neural tube
defects may be present amongst the individuals buried there. According to maps of the Kellis 2
cemetery, individual K131 was not buried in close proximity to individuals with confirmed cases
of neural tube defects or anencephaly (Figure 24); however, given the number of documented
incidents of neural tube defects within the cemetery (at least five, as reported by Cope), it is
plausible to retain the hypothesis despite the distance between the burials. Individual K318,
however, is located in relatively close proximity to at least two documented cases of neural tube
defects in the cemetery (Figure 24).
Aside from having a genetic component, Cope (2008) hypothesized that neural tube
defects in infants in the Kellis 2 cemetery may have resulted from intrauterine exposure to
tetracycline. Tetracyclines are produced from Streptomyces aureofaciens, a mold-like bacteria
that is thought to have contaminated grain food sources in Kellis (Maggiano et al., 2005). Side
effects of tetracyclines include inhibited bone growth and an association with instances of
inienchephaly (Maggiano et al., 2005; Cope, 2008). According to Cope (2008), maternal
consumption of contaminated grain could have resulted in tetracyclines being passed through the
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placenta to the developing fetus. Tetracyclines have been identified in fetal bones in Kellis and
are considered to be associated with a large number of infant deaths throughout the cemetery.
Anencephaly is a devastating congenital defect. According to Obeidi et al. (2010), most
developing fetuses with anencephaly die during development, though some live-born infants may
survive with the defect for hours or several days. The authors report that maternal complications
associated with anencephalic pregnancies include polyhydramnios, dysfunctional labor, and
postpartum hemorrhage. Given the high incidence of neural tube defects and previous reported
case of anencephaly in the Kellis 2 cemetery, it is reasonable to consider that this congenital
defect could have been a cause for the unusual hormonal patterns observed in either K131 or
K318. Additional research to support this hypothesis would be necessary in order to draw a firm
conclusion.
To summarize, hormonal patterning in K131 and K318 seems to suggest that the
individuals were pregnant. Additional research is needed to confirm this hypothesis, however.
Although it has not yet been attempted, an ELISA test for hair progesterone would provide
additional insight into whether these individuals may have been pregnant. If pregnant, estradiol
values were much lower than would be expected in healthy pregnancies. Two hypotheses for low
estradiol values were explored: 1) placental enzymatic deficiency; and 2) an anencephalic fetus.
Both hypotheses seem plausible, given that the diet in the Dahkleh Oasis was high in
phytoestrogens – which are known to block estrogen synthesis in the body, and that a number of
neural tube defects, including anencephaly, have previously been identified in the Kellis 2
cemetery. Current hypotheses suggest these neural tube defects either share an underlying
genetic component, or that tetracycline exposure through contaminated food sources could be an
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underlying cause for the congenital defect. Additional research to support or disprove these
hypotheses should be completed.
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Figure 25: Hair hormone profile for K131. *Hormone values are reported in ng/g (cortisol, testosterone) and pg/g
(estradiol). Note the gradual increase in estradiol and testosterone through time.
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Figure 26: Hair hormone profile for K318. *Hormone values are reported in ng/g (cortisol, testosterone) and pg/g
(estradiol). Note the gradual increase in estradiol and testosterone through time.
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Table 10: Reference values for serum estradiol and testosterone in pregnant women.

Hormone
(serum)
Estradiol

Gestational Period

Reference Valuesa

First Trimester
Second Trimester
Third Trimester (full term)

1.64 (.69-3.88) nmol/L
11.13 (4.69-26.40) nmol/L
53.44 (22.53-127.0) nmol/L

First Trimester
Testosterone Second Trimester
Third Trimester (full term)
a

3.3 (0.9 – 7.4) nmol/L
n/a
5.7 (2.2-10.8) nmol/L

% Increase
578%
3158% (overall)
n/a
72.72%

Reference values from O’Leary et al. (1991)

Figure 27: Potential causes and outcomes for low estradiol values during pregnancies in two females from the Kellis
2 cemetery in the Dakhleh Oasis in Egypt.
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Figure 28: Map of burial sites in the Kellis 2 cemetery. Circles show locations of burials K131, K318, and K275.
Squares show locations of burials of infants with known neural tube defects, including anencephaly. Map modified
from Cope (2008). Map used with permission of Lana Williams and Sandra Wheeler.

K275: A Case Study
K275 is a female individual at approximately 55 years of age. Four centimeters of wellpreserved hair was available for this individual, which represents approximately four months of
growth leading up to the time of death. Hair cortisol values fall within ranges presented by Webb
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et al. (2010) for an archaeological sample of adults (Table 3). Cortisol values are lowest in the
most distal segment of hair (approximately four months prior to death); however, values
incrementally rise across the sample and ultimately peak in the month directly preceding death
(Figure 29). Hair estradiol values begin within “normal” ranges for pre-menopausal females in
segment 4, suddenly peak in segment 3, and then rapidly decline in segment 2 and further decline
in segment 1 (Figure 29). Estradiol values for segments 4, 2, and 1 fall within calculated
reference values for healthy, premenopausal women, but segment 3 exceeds these values. Hair
testosterone values for K275 fall within reference values presented by Mornay et al. (2001) for
healthy premenopausal women, and shifts in testosterone values between segments are negligible
(Figure 29).
Although K275 is represented by a relatively short temporal span (approximately four
months), this individual was selected for a brief case study because of the unique values and
patterning discovered in the reproductive hormone values observed in their hair. Specifically, the
sudden peak in estradiol in contrast with the stable testosterone values is of interest.
As mentioned above, K275 represents an adult female of approximately 55 years of age.
This age was calculated as a mean age based on results from a comprehensive skeletal analysis
(L.J. Williams, personal communication). This age is an approximation of age for this individual,
and is not expected to be 100 percent accurate. A range of 10- to 20- years is acceptable when
estimating age from skeletal remains (Burns, 2007). Based on hormone values for the individual,
K275 falls within premenopausal ranges for the reproductive hormones estradiol and
testosterone. If the mean skeletal age is computed with hormonal data, this indicates that the
individual has reached middle age, but has not completed menopause. Although 55 is slightly
outside of a “normal” range for childbearing years, the age of onset for menopause is variable.
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Menopause progresses through multiple phases in middle-aged women. The first stage is known
as climacteric or perimenopause. During this phase, the woman’s supply of mature eggs in the
ovaries declines and ovulation becomes irregular. Estrogen production begins to decline. Most
women reach menopause between the ages of 45 and 52, though some women reach menopause
later (Sidhu and Bhatacharya, 2016). According to Godfrey et al. (2013), a survey of 3,605
women between the ages of 45-50 years old determined that 77.6% of women were at risk for an
unintended pregnancy.
Given that this individual is pre-menopausal, the sudden peak in estradiol values in
segment 3 of her hair is of particular interest. Generally, each segment of hair represents one
month of hair growth (Boumba et al., 2006). Given the cyclical patterning of estradiol during the
menstrual cycle in premenopausal women, hair samples should provide an average of hormone
values for a specific month. A marked increase in hormone values indicates that this individual
experienced an extended surge in estradiol production – an amount twice that of the previous
month. As mentioned in the previous case study, a surge in estradiol values is a result of a
pregnancy. According to O’Leary et al. (1991), most women experience rapid and drastic
increases in estrogen production after conception. Similarly, testosterone values also increase
after conception and continue to increase throughout gestation. Testosterone values that fail to
increase during pregnancy have been associated with spontaneous abortions – though there are
conflicting results in the literature (O’Leary et al., 1991; Lathi et al., 2014). Estradiol values for
K275 rapidly peak in segment 3, testosterone values remain stable. In segment 4, estradiol values
fall back within ranges expected for non-pregnant premenopausal women. Based on the
literature, it could be hypothesized that K275 was pregnant, but ultimately experienced a
spontaneous abortion.
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Cortisol values for K275 offer some supplemental, but not definitive, data. As mentioned
in the previous case study, cortisol values are associated with physical and psychological stress –
the fact that this hair sample represents the final four months of this individual’s life suggests
that this individual may have been experiencing a high level of real or perceived stress during the
temporal span that the hair corresponds to. Cortisol values are known to increase during
pregnancy, and there is a small increase between segment 4 and segment 3. A slightly more
significant increase corresponds with the sharp decline in estradiol production observed in
segment 2. It could be hypothesized that a spontaneous abortion would result in increased
physical and psychological stress; however, it is not clear whether the individual would have
been far enough along to notice she were pregnant based on the relatively short span of time
represented by the hair sample. Conversely, high cortisol values exhibited in the individual could
simply correspond with the fact that the individual was approaching death (Webb et al, 2010).
To summarize, hormonal patterning in K275, particularly the patterning of estradiol, may
suggest that this individual was pregnant, but experienced a spontaneous abortion in the months
preceding death. Overall, estradiol and testosterone values reflect those of a non-pregnant, premenopausal woman, except for one sharp “peak” in estradiol in segment 3 of the individual’s
hair sample. K275 likely represents a middle-aged woman, approximately 55 years of age.
Although there is presently an increasing trend in the United States of women who are choosing
to delay their childbearing years and are experiencing successful, healthy pregnancies, it is well
documented that pregnancy-related risks increase with increasing maternal age (Sauer et al.,
1995; Godfrey et al., 2013; Sauer, 2015). One such risk is spontaneous abortion. According to
Sauer (2015), clinical research has demonstrated that approximately 50% of pregnancies result in
spontaneous abortion in women who conceive after the age of 45. Although additional research
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is necessary to confirm or reject the present hypothesis, K275 provides an interesting case study
that underscores the benefit of having hormone analysis available in bioarchaeological studies. If
an individual were to experience a spontaneous abortion, particularly in an early pregnancy,
evidence would not be preserved for hundreds of years.
At this juncture, it is important to note that pregnancy is not the only condition which
could have affected estradiol values in K275; there are other conditions which can result in an
increase in estrogen levels in females. For example, ovarian tumors are associated with elevated
estradiol values in postmenopausal women (Matsumura et al., 2013). Similarly, uterine fibroids,
a common form of benign tumor that affects the uterus, have been associated with increased
aromatase expression, which can result in heightened synthesis of estrogens in the body
(Ishikawa et al., 2009). As mentioned above, K275’s age was calculated as a mean age from
skeletal markers. When calculating age ranges for adults, it is important to incorporate a range of
10- to 20- years (Burns 2007). It is possible that K275 is not a premenopausal female, but a
postmenopausal female who is suffering from a condition which causes increases in estrogen
secretion. Explorations of tumors and cancers in archaeological populations is beyond the scope
of the present study; however, it is important to acknowledge that there are multiple conditions
which can cause unexpected patterns of hormone secretion. Overall, this case study has
demonstrated that hormone values in hair can provide bioarchaeologists with a new window into
an individual’s physiology and can provide bioarchaeologists with new insight into the health
and fertility of archaeological populations.
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H O RMO NE PRO FIL E : K275
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Figure 29: Hair hormone profile for K318. *Hormone values are reported in ng/g (cortisol, testosterone) and pg/g
(estradiol). Note the sudden “peak” of estradiol in segment 3.
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CHAPTER 6: CONCLUSIONS
Hair is an invaluable bio-resource. It is an extremely resilient material that is resistant to
decomposition and decay. The unique physiology of hair and the interactions between the
endocrine system, the hair follicle, and the growing hair fiber provide researchers with a window
into the body’s most complex and discreet biological processes. The methodological and
predictable bio-rhythms associated with the hair growth cycle provides researchers with an
incremental, retrospective record of the bodies hormonal responses to stressors, and the bodies
maintenance of basic physiological functions, such as reproduction. This research has
demonstrated that the steroid reproductive hormones estradiol and testosterone can be extracted
from well-preserved archaeological human hair that dates to A.D. 50-450 through the application
of modified salivary ELISA kits built for the detection of salivary estradiol and testosterone,
respectively. Following the success of Webb et al. (2010; 2015), the glucocorticoid steroid
hormone cortisol was also successfully extracted.
Hair cortisol values in the present study fell within reference ranges provided by Webb et
al. (2010) for an adult archaeological population. This serves to validate the modified ELISA
methods for the extraction of cortisol in archaeological human hair originally presented by Webb
et al. (2010). Furthermore, the present study confirms that hair cortisol values are much higher in
archaeological samples than in healthy living samples, likely because archaeological hair
samples represent the months directly preceding death – a time generally associated with an
increase of both psychological and physical stress (Webb et al., 2010). Though the sample in the
present study is relatively small, it nonetheless contributes to a developing repository of
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hormonal information for archaeological samples, and demonstrates that cortisol can be
preserved in hair recovered from a site in an arid desert climate.
This is the first study which has attempted to identify estradiol in archaeological human
hair, and to the best of the author’s knowledge, the first to attempt to identify estradiol in human
hair through a modified ELISA technique. Observed estradiol values for pre-menopausal females
in the archaeological sample fell within calculated reference values for modern females, but
estradiol values in males and in postmenopausal females far exceeded expected ranges. It is not
clear whether this discrepancy was caused by variables related to the calculated reference values,
affects of exogenous estradiol in sample populations, or whether the discrepancy was caused
from the assay configuration and sensitivity. Nonetheless, this research has confirmed that
estradiol can be preserved in archaeological human hair, and that values and patterning can yield
detailed, incremental information about an individual’s physiology leading up to the time of
death.
As with estradiol, this is the first study which has attempted to identify testosterone in
archaeological human hair. Observed hormone values for testosterone were similar to those
presented in clinical research, indicating that these reproductive hormones do not significantly
degrade through time and that archaeological hair can provide incremental records of
testosterone secretion that mirror the body’s physiology.
To quote Webb et al. (2015), studying hormones in an archaeological context provides
researchers with a window into “invisible” physiological experiences in individuals –
experiences which cannot be elucidated from skeletal analysis. Hair analysis has equipped
bioarchaeologists with the ability to analyze diet and stress through the analysis of stable
isotopes, but now hair can also provide an additional line of inquiry into the body’s physiological
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stress response, and shed light on ancient reproductive health and fertility. Three unique case
studies were presented in the present research which emphasize the benefit of holistically
assessing an individual’s physiology through evaluating multiple hormonal profiles at once. In
these case studies, retrospective records of the body’s discreet physiological interactions between
cortisol, estradiol, and testosterone were explored. Variations in hormonal values and patterning
resulted in the evaluation of two potential archaeological pregnancies and one potential early
pregnancy that resulted in a spontaneous abortion. This type of insight into an individual’s
reproductive health and fertility has the potential to support bioarchaeological studies relating to
population growth and mortality, even if juvenile skeletons are not preserved or recovered from a
site.
Limitations and Future Directions
As an experimental research project, the present study has a number of limitations that
should be stated. First, it is important to note that the sample sizes in this research were very
small, and as a result it is not clear whether the results of the present study are an accurate
representation of the ranges of values that can be observed in the two populations that were
sampled. In addition, comparisons in the present research were made based on small samples in
limited reference studies, particularly for estradiol and testosterone. In further regard to estradiol,
it is not known whether elevated estradiol values in the modern and archaeological male and
postmenopausal female individuals were the result of immunoassay configuration and sensitivity
error, or whether values were accurate representations of the individuals’ physiology. Because
only one other study has attempted to evaluate estradiol in human hair (Yang et al., 1998) it is
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not known whether Equation 1 was an accurate equation to predict “normal” reference ranges for
estradiol in hair.
Thus, additional research on larger samples will need to be completed to validate the
results presented here. These studies should be completed on both modern and archaeological
populations in order to establish “normal” reference ranges for all three hormones. Resulting
values should be reported in standardized units to allow for simple and accurate cross-sample
comparisons.
Of all of the hormones evaluated in this research, the need is greatest to establish
reference ranges for estradiol in hair. Future studies (both clinical and archaeological) should
focus on evaluating patterns of estradiol production in males and females of varied ages. In
addition, there is a need to complete a longitudinal study of serum and hair estradiol in pregnant
women to understand how estradiol values change in hair throughout pregnancy. As estradiol
plays such an important role in the preparation of the body for delivery, hair can offer invaluable
insight into the health of expectant mothers in modern populations, as well as into ancient trends
of maternal health and morbidity; however, meaningful interpretations cannot be made until
accurate reference values are available.
The present study has also identified a potential link between the consumption of high
levels of phytoestrogens and low estradiol values during (a suspected) pregnancy in an
archaeological population. Additional research should be completed to determine whether a diet
high in phytoestrogens is correlated with placental enzymatic deficiency during pregnancy. This
study could be completed on both clinical populations and on archaeological populations.
Again, in regard to phytoestrogen consumption, it is also not clear whether a diet high in
phytoestrogens can affect hair estrogen levels, or whether phytoestrogens can create interference
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within ELISA assay configurations. To study this dynamic, it would be useful to study two
separate populations (clinical or archaeological) with known dietary sources. One sample should
regularly consume a diet high in phytoestrogens, and the other should consume a diet low in
phytoestrogens. Subsequent ELISA analyses on hair would help to determine whether
phytoestrogens can affect the results.
In regard to testosterone, the results of the present study seem to indicate that ELISA is a
useful method for assessing testosterone in archaeological populations. Potential future research
could entail sampling hair of males of reproductive ages in ancient societies where low fertility is
observed. In the past, fertility has been primarily assessed through female individuals.
Testosterone has the potential to provide bioarchaeologists with a new line of inquiry into male
reproductive health and its effects within populations.
Finally, the present research has demonstrated that holistic studies of hair hormones can
provide bioarchaeologists with a unique insight into the health of individuals in the months
leading up to their death. Future studies should incorporate multiple lines of evidence into
inquiries of health in archaeological populations: paleopathology, stable isotope analysis, and
hormone analysis together has the potential to shine light on the “invisible” stress experiences
(Webb et al., 2010) of individuals, as well as to supplement assessments of those lesions which
are etched in bone and teeth.
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